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Abstract

The concept of Generalized Snapshot Isolation (GSI) has tesently proposed as a suitable ex-
tension of conventional Snapshot Isolation (SI) for regikel databases. In GSI, transactions may use
older snapshots instead of the latest snapshot required ielg able to provide better performance
without significantly increasing the abortion rate whente/fivrite conflicts among transactions are low.
Its authors also state that GSI is needed because there amrolacking implementation of Sl in asyn-
chronous systems, even when databases never fail, butohsyt gprove such statement. We justify such
property for ROWA (Read One, Write All) protocols in this mapby using the equivalence between
Sl-schedules. Additionally, we show and prove that if aicgion protocol using Sl replicas provides
global atomicity and commits update transactions in theesarder at all sites then it provides GSI. This
sufficient condition prevents the usage of some mechanisatgxclusively order write/write conflicting
transactions because they do not guarantee GSI.

1 Introduction

Snapshot Isolation (SI) is a transaction isolation levebiduced in [4] and implemented (using multiver-
sion concurrency control) in several commercial databgstems as Oracle, PostgreSQL, Microsoft SQL
Server or InterBase. Sl provides a weaker form of consigtéman serializability [6]. Indeed, Sl allows
some read-only anomalies analyzed in [16]. Several reees§15, 14] have recently demonstrated that,
under certain conditions on the workload, transactionsetieg on a database with S| produce serializable
histories. Nevertheless, in practice most applicationsserially under Sl, including the most widely-used
database benchmarks TPC-B, TPC-C, and TPC-W [34]. Thesaatb&stics turn Sl into an attractive
isolation level for a database programmer because it pesvadfficient data consistency for non-critical
applications while it maintains a good performance, simealronly activity introduces lower overheads in
the application. Read-only transactions executed undev8l| are neither delayed, blocked nor aborted,
since they do not use read-locks, and they never cause updasactions to block or abort. This behav-
ior is important for workloads dominated by read-only tractions, such as those resulting from dynamic
content Web servers.

Many enterprise applications demand high availabilitycsithey have to provide continuous service
to their users. For achieving such availability, the comrsolution consists in deploying multiple replicas
of such application. This leads also to the replication & itiformation being used; i.e., to managing



replicated databases. The concept of Generalized Sndpshaiton (GSI) has been recently proposed [13]
in order to provide a suitable extension of conventionaldIréplicated databases based on multiversion
concurrency control. In GSI, transactions may use oldepsinats instead of the latest snapshot required
in SI. Authors of [13] outline an impossibility result whighstifies the use of GSI in database replication:
“there is no non-blocking implementation of Sl in an asynebus system, even if databases nevet.fail
In anon-blockingeeplication protocol, transactions can start at any timeuit restriction or delay.

Concurrently with that paper, [26] proposes a definition afeCGCopy Snapshot Isolation (1CSI) for
ROWA (Read One Write All) protocols. From the previous imgibgity result, it is not possible to obtain
the given isolation level with the replication protocolstsd in [26] by using Sl replicas. Thus, their
protocols should be classified as GSI, instead of a stricoGSafreplicated system. Note, however, that
this is not a critique on the proposal given in [26], sinceithial definition of the Sl level [4] was ample
enough to accept both interpretations of what should be {El8iketi’s conventional SI, and Lin’s 1CSI).

In this paper, we prove that a non-blocking ROWA protocol cahimplement Sl (as stated above).
The proof, given in Section 6, is very simple and is based owralition that restricts the transaction
start time in order to provide Sl. The proof forces the rangltprotocol to be a blocking one. As Sl is
not implemented by non-blocking ROWA protocols, we alsalgtthe basic requirements that such kind
of protocols must verify in order to provide GSI. So, the sst@ontribution of our paper consists in
formalizing the requirements for achieving GSI over Sl regd using non-blocking protocols. Thus, the
criteria for implementing GSI are: (i) Each submitted tracton to the system either commits or aborts
at all sites gtomicity); (ii) All update transactions are committed in the samaltotrder at every site
(total order of committed transactions Total order ensures that all replicas see the same seguenc
transactions, being thus able to provide the same snapshiéisactions, independently of their starting
replica. Without such order, those transactions withouteAwrite conflicts might be applied in different
orders in different replicas. So, transactions would be ablread different versions in different replicas.
Atomicity guarantees that all replicas take the same astregarding each transaction, so their states
should be consistent, once each transaction has been &teahin

In the replication protocols discussed above, ROWA cedtiftcn-based replication protocols are pro-
vided. These protocols are based on the use of atomic brsie[d& to deliver in total order the update
operations of transactions for executing the certificatibevery database replica. The distributed protocol
in [13] applies the update operations of transactions irséme total order in all replicas while the protocol
in [26] allows more concurrency in the execution of the updgterations of non-conflicting transactions
at each replica, although it needshimck the execution of the first operation of any starting trarisact
until the end of the current execution of those concurremtdactions. So, these protocols comply with the
requirements of GSI.

The contributions of this paper are twofold. First, a de@iformalization of the GSI definition and
its requirements is presented. Second, and as a result éfgshene, we provide a complete character-
ization of the GSI protocols that allows us to state that sEJénds of optimizations are not possible if
GSI must be ensured. For instance, some replication prist@coviding One Copy Serializability (1CS)
assume database replicas that follow a strict serializablation level. In these protocols, non-conflicting
operations can be executed concurrently and differenica&pmay even commit transactions in different
orders as long as they do not conflict. This optimization ipamtant since processing messages serially
as supposed for replication protocols deployed over a gompmunication system [8] would result in
significantly lower throughput rates. While this optimipet may be partially maintained for obtaining
GSI as in the protocol presented in [26], it is not possibleréplication protocols that use simpler kinds
of broadcast (those that do not enforce a total order) susbrag implementations of O2PL [1].

The rest of the work is organized as follows. Section 2 intices the concept of multiversion histories
based on [6]. Sections 3 and 4 give the concepts of Snapshatiter and Generalized Snapshot Isolation.
In Section 5, the structure of ROWA protocols is introduc€dnditions for One Copy Snapshot Isolation
and One Copy Generalized Snapshot Isolation are introdimc8ections 6 and 7 respectively. Finally,
a discussion about recent database replication protooplgsals is presented in Section 8 and the paper
conclusions in Section 9.



2 Multiversion Histories

In the following, we define the concept of multiversion higtéor committed transactions using the theory
provided in [6]. The properties studied in our paper onlyuieg|to deal with committed transactions. To
this end, we first define the basic building blocks for our faliations, and then the different definitions
and properties will be shown.

A databasel0B) is a collection of data items, which may be concurrentlyegssed by transactions. A
history represents aoverall partial orderingof the different operations concurrently executed withia t
contextof their corresponding transactions. Thus, a multiversittory generalizes a history where the
database items are versioned.

To formalize this definition, each transaction submittethesystem is denoted hy. A transaction is
a sequence of read and write operations on database iterad bpé commit or abort operation. Edtls
write operation on itenX is denoted¥;(X;). A read operation on itenX is denotedr;(X;) stating that
T; reads the version aX installed by7;. Finally, C; and A; denote ther;’'s commit and abort operation
respectively. We assume that a transaction does not readrarki after it has written it, and each item
is read and written at most once. Avoiding redundant opamatsimplifies the presentation. The results
for this kind of transactions are seamlessly extensible twengeneral models. In any case, redundant
operations can be removed using local variables in the progf the transaction [29].

Each version of a data itetki contained in the database is denoted¥hywhere the subscript stands
for the transaction identifier that installed that versiothie D B. Thereadsetandwriteset(denoted byr.S;
andWw S; respectively) express the sets of items read (written) bgrestctiorr;. Thus,T; is aread-only
transaction ifit’'S; = ¢ and it is anupdateone, otherwise.

LetT = {T1,...,T,} be a set otommittedtransactions, where the operationsiofare ordered by
~<1,. The last operation of a transaction is the commit operaflorprocess operations from a transaction
T, € T, a multiversion scheduler must transl&igs operations on data items into operations on specific
versions of those data items. That is, there is a fundiidmat maps each’; (X) into W;(X;), and each
R;(X) into R;(X;) for someT; € T.

Definition 1. A Complete Committed Multiversion (CCMV) histdfyoverT is a partial order with order
relation < such that:

1. H = WUy, er Ti) for some translation functioh.

2. =2 Urer <7o-
3. |fR1(Xj) c H,1 75 7 thenWj(Xj) cH andOj =< R7(XJ)

In the previous Definition 1 condition (1) indicates thatle@peration submitted by a transaction is
mapped into an appropriate multiversion operation. Caomdi{2) states that the CCMV history preserves
all orderings stipulated by transactions. Condition (Ipkkshes that if a transaction reads a concrete
version of a data item, it was written by a transaction thatcotted before the item was read.

Definition 1 is more specific than the one stated in [6], sifte former only includes committed
transactions and explicitly indicates that a new versioy mat be read until the transaction that installed
the new version has committed.

In general, two histories over the same set of transactiomgiew equivalen{6] if they contain the
same operations, have the sameads-fromrelations, and produce the same final writes. The notion of
equivalence of CCMV histories reduces to a simple condifitime following reads-fromrelation is used:

T; readsX fromT; in a CCMV historyH, if R;(X;) € H.

Let H andH’ be two CCMYV histories over the same set of committed traimsas?’. These histories
are (view-) equivalent, denoted & = H’, if and only if they have the same operations. Both of them
have the same writes, moreover all write operations are &igalll versions they produce are different. As
R;(X;) € H andR;(X;) € H' then they have the sameads-fronrelations.

In the rest of the paper, we use the following conventions:

(1) T ={T1,..., T} is the set of committed transactions for every defined hjstor

(74) any historyH is a CCMV history ovefl’; and



(i17) foreachX € DB: Ver(X,H) = {X;: W;(X;) € H} [J{Xo} is the set of installed versions
of the data itemX in H, beingXj its initial version.

Note that these conventions will be also applicable wherparseript is used to denote the site of the
database where the history is generated.

3 Snapshot Isolation

In Sl reading from a snapshot means that a transadfjcsees all the updates done by transactions that
committed before the transaction started its first openatibhe results of its writes are installed when
the transaction commits. However, a transacfipnvill successfully commit if and only if there is not a
concurrent transactiohy, that has already committed and some of the written itenigbgre also written
by T;. From our point of view, histories generated by a given corency control providing SI may be
interpreted as multiversion histories with time restoacis.

Let H be a history and: H — R™ a mapping such that it assigns to each operatjpg H its real
time occurrencé(op) € R™. The mapping also verifiesip < op’ in H = t(op) < t(op’). The mapping
t() totally orders all operations aff, and the total ordex is compatible with the partial ordex. For
simplicity, we assume different times for different opévas; that is,t(op) = t(op’) < op = op’. The
pair (H,t) defines a schedule @f, and it is denoted{;. It is clear that each compatible mapping with the
partial order of the history determines the obtained scteedn the following, we additionally use the next
convention:

(iv) A scheduleH; is a schedule of a historkf .

We define the “commit time”d) and “begin time” §;) for each transactiom; € T in a scheduled, as
¢; = t(C;) andy; = t(first operation ofT;), holdingy; < ¢; by definition oft() and <.

In the following, we formalize the concept of snapshot of tagabase. Intuitively it comprises the
latest version of each data item. A sample &fi-achedule might be:
bir1(zo) wi(x1) e1 be m2(20) bs T3 (yo) wa(ws) cs r2(z1) wa (y2) co.

As this example shows, each transaction is able to includs snapshot (and read from it) the latest
committed version of each existing item at the time suchsiation was started. Thas has read version
1 of item X sinceT; has generated such version and it has already committed Yhetarted. But it only
reads versiomn of item Z since no update of such item is seenby This is true despite transactiofis
andTs are concurrent and; updatesx beforeT» reads such item, because the snapshot takem.far
previous to the commit of;. This provides the basis for defining what a snapshot is.

Definition 2. The snapshot of the databaBe3 attimer € R* for a scheduléd,, is Snapshot(DB, Hy, T)
= Uxepp latestVer(X, Hy, 7), where the latest version of each itéthe DB at timer is the selatest-
Ver(X,Hy,7) ={X, € Ver(X,H): (3 Xy € Ver(X,H): ¢y < ¢, <7)}

From the previous definition, it is easy to show that a snajpishmodified each time an update trans-
action commits. Ifr = ¢, andX,, € Ver(X, H), thenlatestVer(X, H, ¢,) = {X,}. In order to
formalize the concept of SI-schedule, we utilize a slighitatéon of the predicatenpactsfor update trans-
actions presented in [13]. Two transactidis 7; € T impact at timer € R™ in a schedulg?;, denoted
T; impactsT; at 7, if the following predicate holdsiV.S; NWS; #0 A 7 < ¢; < ¢;.

Definition 3. A scheduled; is a Sl-schedule if and only if for ead) € T':
1. if R;(X;) € H thenX; € Snapshot(DB, Hy,b;); and
2. foreachl; € T': =(T}; impactsI; atb;).

Condition (1) states that all the versions read by a trafma@; are obtained fronbnapshot(DB,
H,, b;); that is, versions are obtained from the snapshot of thebdatD B at the time the transaction
starts its first operation. Condition (2) states that any pairansactionsl; and7;, writing over some
common data items, can not overlap their time inter{fals:;] and[b;, ¢;]. In other words, they have to be
executed in a serial way.

Other definitions of S| have been provided in the literatutewas firstly introduced as an isolation
level generated by multiversion concurrency control in [4tates that a transaction reads data that were



already committed when the transaction started. Read tipesanever blocked as long as the snapshot can
be maintained. On the other hand, transaction’s writesedleated in its snapshot. Concurrent updates are
invisible to the transaction. In order to prevent lost ugdt], it applies th&irst-Committer-Wingule. A
transaction will successfully commit only if no other tragon has already committed writes to items that
the transaction intends to write. A similar definition to [#§s also been used in [23, 36, 26, 15]. In [13],
where we have taken part of the notations of our work, the @8&tept is introduced (see Section 4) and
by means of the notion of impacting transactions with thel@ad commit rules, it can be inferred Sl.

In the previous Section, the concept of view equivalencebet two histories has been introduced. In
the following, we explore a notion of equivalence betweeis&iedules.

Definition 4. Let H, and H], be two Sl-scheduleg?; is Sl-equivalenttd?,,, denotedd; =s; H;,, if and
only if for any7}, T; € T the following conditions hold:

LIEWS,NAWS; #0:¢; <cjinHy < ¢ <c} in H,,.
2. |fWSszSj #@ Ci <bj inHM:»c; <b; inHé,.

Condition (1) indicates that transactions with write/writonflicts must be committed in the same
order in both schedules; and condition (2) states that tHerasf commit time and begin time between
two transactions having a reads-from relation has to be @ngesin both Sl-schedules. Definition 4 of
Sl-equivalence is equivalent to the one provided in [26]is Ibased on the fact that both schedules are
Sl-schedules and does not use the concrete operationstiistoges; it only uses the definitions of items
to be read or written by the transactions. This motivatesihe property, stating that if two Sl-schedules
are Sl-equivalent, all transactions contained in them hesd and written the same item versions in both
schedules. As a result, both schedules are also equivaileangeneral sense, similarly to the one defined
at the end of Section 2 for history equivalence, i.e., theajpens being used in each schedule produce the
same results in each one of them).

Property 1. Let H, and H, be two Sl-schedules. H, =s; H,, thenH = H'.

Proof. Let R;(X;) € H, H; is a Sl-schedule, thuéX;} = latestVer(X, H,b;). By Definition 2,
ci < bj andA X, € Ver(X, H): ¢; < cx < b;. Assumec; < ¢, < b; in H;, and X}, € Ver(X,H’). In
that caseX; is not the latest version of for the transactiofl’; in H,; and, as the®S; is the same for the
transactiorf; in H andH’, it reads a different version of in H andH’.

By Condition (1) in Definition 4,c; < ¢, = ¢ < ¢ in H, and by Condition (2) in Definition 4,
cj, < = cx < b;in Hy. AstheWV Sy is the same for the transacti@p in H; andH/,, Xy € Ver(X, H).
Therefore,3X;, € Ver(X,H): ¢; < ¢ < b;. By contradiction{X;} # latestVer(X, H,b;). In
conclusion, ifR;(X;) € H, thenR;(X;) € H' holds.

T; reads the same versionsihandH’, thus it produces the same writes in both histories.WetX ;) €
H, as theW S, is the same for the transacti@h in H' andH, thenW;(X;) € H'.

H and H' have the same operations and, as we have previously seehjstedes are equivalent if they
have the same set of operations. Therefore, we concludéftzatH’. O

Sl-equivalence allows Sl-schedules to differ in the timeusgence of operations, but it has to maintain
a relative order among certain key operations of transasticommit and first operations. However,
conditions in Definition 4 can not be used to show if an arbjtischeduleH;, is equivalent to a given
Sl-scheduldd;. This is because in a multiversion history a transaction reagl any available version of a
data item, and conditions in Definition 4 do not restrict tiaat.

It is easy to show that if a concurrency control algorithmures to a transaction the current snapshot
at the time of its first operation and the algorithm updatesdB at commit time if no transaction impacts
with it (or in the contrary case, aborts it), then the alduritproduces Sl-schedules.

4 Generalized Snapshot Isolation

The concept of Generalized Snapshot Isolation (or GSI Hortywas firstly applied to database replication
in [13]. A hypothetical concurrency control algorithm cdidave stored some past snapshots. A transaction



may receive a snapshot that happened in the system befotenhef its first operation (instead of its
current snapshot as in a Sl concurrency control algorithirije algorithm may commit the transaction
if no other transaction impacts with it from that past snapsiThus, a transaction can observe an older
snapshot of the DB but the write operations of the transacire still valid update operations for the DB
at commit time. These previous ideas define the concept of GSI

Definition 5. A scheduled; is a GSI-schedule if and only if for ea@h ¢ T there exists a valug; ¢ RT
such thats; < b; and:

1. if R;(X;) € H thenX; € Snapshot(DB, Hy, s;); and
2. foreachl; € T': =(1}; impactsT; ats;).

Condition (1) states that every item read by a transactidonigs to the same (possible past) snapshot.
Condition (2) also establishes that the time interajsc;| and[s;, ¢;] do not overlap for any pair of
write/write conflicting transaction®; and7};. If for all 7; € T, conditions (1) and (2) hold for; = b; then
H, is a Sl-schedule. Thus, Definition 5 includes as a particzdae the Definition 3. Another observation
of the definition concludes that if there exists a transactip € 7' such that conditions (1) and (2) are
only verified for a values; < b; then there is an itenX € RS, for which latestVer(X, Hy,s;) #
latestVer(X, Hy, b;). Thatis, the transactidhj; has not seen the latest version)fat the begin time,.
There was a transactidh, with W, (X}) € H such thats; < ¢i < b;.

The following is an example of @Skschedule:
by 71(wo) wi (1) c1 b2 72(w0) 72(20) bs 3(y0) wa(w3) ca w2(yz) ca.

In this schedule, transactian readsz, after the commit offy appears. This would not be correct for
aSl-schedule (since the read versionofs not the latest one), but it is perfectly valid foGs-schedule,
taken the time point of the snapshot providedidi.e. s2) previous to the commit ofy, as it is shown:
b1 71(x0) s2 wi(x1) c1 b2 r2(x0) r2(20) bs ra(yo) wa(zs)cs wa(yz2) ca.

The intuition under this schedule in a distributed systethasthe message containing the modifications
of T3 (the write operation orX') would have not yet arrived to the site at the time transactip began.
This may be the reason fak, to see this past version of ite’i. The fact thaiGSI captures these delays
into schedules makes attractive its usage on distributeidcgrments.

The values; in Definition 5 plays the same role asin Definition 3. Thus, it is possible to think that
if the operations in the GSl-schedule obtained from theohystH had been ’'on time’ then the schedule
would have been a Sl-schedule.

Let us use the previous example to show how a GSI-schedulbetmansformed into a Sl-schedule.
Thus, to turn thaGSI-schedule into &I-schedule, it is just needed to move the beginning:dfack tos.,
and consequently, the resulting schedule will [&3-achedule:
b1 71(x0) bz wi(x1) c1 r2(zo) r2(20) b3 r3(yo) w3 (x3) 3 w2 (y2) ca.

However, this schedule does not fit the definitiorbgfwhich was described as the time of the first
operation a transaction performs. Thus, such first operatfdransactiori> must be also moved in the
Sl-schedule, resulting in the following:
b1 71(x0) bz r2(xo0) wi(z1) c1 r2(20) bz r3(yo) wa(zs) ez wa(y2) ca.

The following property describes the previous transfoiorain a formal way:

Property 2. Let H; be a GSI-schedule. There is a mappthgH — RT such thatH; is a Sl-schedule.

Proof. Let T; be a transaction such th@&S; # () ands; < b; in H;. In order to make the proof
simple we consider transactions in which all read operatiare done before any write operation. Let
Ri(Xj,)...R;i(P;,)...Ri(Z;, ) be the sequence of read operations in the same orderimppsegd bLet T,
be the first transaction with’;, (S;,) € H such thas; < ¢;, < b; andS € RS;. We move the time occur-
rence of the read operations of the transacfipim the same ordekr, as follows:t'(R;(P;,)) = si + €5,
wheree;, = O forthefirstread, and_; ¢;, < ¢;, —s;. Forthe rest of operationg € H, t'(op) = t(op).
It is easy to show that this new mapping is compatible witbf H.

For this transactioff;, —(7; impactsT; at b)) in Hy because-(T; impactsT; at s;) for everyT; € T'
andb, = s;. Only the read operations @f; have been moved; the commit operations, that may modify



the predicatémpacts have not changed their time occurrencesHip, for eachR;(P;,) of T;, {P;, } =
latestVer(P, Hy ,b;). Again,b] = s;, and{ P;, } = latestVer(P, Hy, s;).

The previous process is done for any transactipauch that inf, s, < b;. This process is finite and
the resulting schedule is a Sl-schedule. O

The next definition is the generalization of Sl-equivale(izefinition 4) between GSI-schedules.

Definition 6. Let H, and H,, be two GSl-scheduledl, is GSl-equivalent td{;,, denotedd; =¢s; H,,
if and only if for anyT;, T; € T the following conditions hold:

L WS, NWS; #0:¢; <c¢jinH, & ¢, < c;. in H,,.

2. fWS,NRS; #0:¢; <s;inH, & ¢, < s; in H,,.

If two GSl-schedules are GSl-equivalent then their his®ere also view equivalent.
Property 3. Let H, and H, be two GSlI-schedules. H;, =¢s; H, thenH = H'.

Proof. This proof is the same as the proof of Property 1 if we sulistituby s;, b; by s; and Conditions
(1) and (2) of Definition 4 by Conditions (1) and (2) of Definiti 6 respectively. O

We remark that the definition a&Slequivalence allows &SI-schedule to be equivalent to -
schedule, but the reverse case is, in general, not true rficylar theSI-schedule,, obtained in Property 2
for H, satisfiesH; =¢sr Hy.

Finally, it is also important to note th&SI-schedules allow read-only transactions to obtain vession
of their accessed items arbitrarily old. This could be arom&nience for many applications, since the
freshness of the accessed data is unknown.

5 The ROWA Strategy

TheGSlIconceptis particularly interesting in replicated datasasince many replication protocols execute
each transaction initially in a delegate replica, propiagdater its updates to the rest of replicas [26, 13, 3].
This means that transaction writesets cannot be immegiapgilied in all replicas at a time and, due to
this, the snapshot being used in a transaction might be iquusto the one that (regarding physical time in
a hypothetical centralized system) would have been asgignie In this Section we consider a distributed
system that consists ef sites, being.,,, = {1..m} the set of site identifiers. Sites communicate among
them by reliable message passing. We make no assumptioastabdime it takes for sites to execute and
for messages to be transmitted. We assume a system freduré$ai Each sité runs an instance of the
database management system and maintains a copy of thaskigh We will assume that each database
copy, denotedB* with k ¢ I,,,, provides the Snapshot Isolation level.

We use the transaction model of Section 2. Tet {T;: i € I,,} be the set of transactions submitted to
the system; wherg, = {1..n} is the set of transaction identifiers.

TheROWA [17] strategy is quite general and replication protocolplementing this strategy will vary
in their concrete implementation [1, 7, 9, 10, 19, 20, 24,26,28, 30, 31, 32, 36]. ThROWA approach
may range according to the next two parametersenupdates take place, either before committing the
transaction €agej or after (azy); and, whereupdate transactions can be initiated, either each database
has a primary replica where all updates are initially aghligropagating them to the secondary replicas
(primary copy or each replica may accept updatepdate anywheje

Note also that we use a ROWA strategy since we have assuméldre-face system. Otherwise, a
ROWAA approach is needed, i.e., writes will only be appliedize available replicas, but all our discussion
is orthogonal to failures and can be seamlessly extendedystam where failures might arise.

An archetypal example of a replication protocol followingetROWA strategy is as follows: all op-
erations are firstly executed at a delegate replica; aftelsydhe writeset and the state of each data item
contained in the writeset are collected and multicast ial totder to the rest of replicas for completing the
transaction. Each transaction is committed or aborted bieplicas once its writeset has been delivered
and locallycertified (i.e., checked for conflicts with the rest of concurrent sactions) in each replica.



Since all replicas see the same sequence of writesets, takiof decide the same action (either commit or
abort) on each transaction. This kind of approach is naceetification-based replicatioim [35].

Atomic broadcast [18] (or total order broadcast) basedeatibn protocols [24, 25, 30, 36, 26] ensure
that all replicas receive writesets in the same order. Whemiteset is delivered to a replica, it is firstly
checked against local conflicting transactions. As a resulhis, the writeset may be applied (aborting
all local conflicting transactions) or not. In other worksther priorities are used to avoid the latency
introduced by the atomic broadcast [1] or by epidemic prapag using vector clocks [19]. However,
both approaches [1, 19] need a Two Phase Commit protocol aoeum [19] for the commitment of a
transaction. In all cases, a submitted transaction mayrbedadocked as a consequence of th@&MS
activity. Hence, a fion-blocking ROWA strategy is defined as the one where the first operation of a
transaction in its delegate replica never becomes blockatidoreplication protocol during its execution
at such replica. Finally, if we assume that every transadsogoing to be committed at every site, we
consider that is committed as soon as it has been firstly ctieuhat any replica.

The ROWA strategy defines for each transactibne 7', the set of transactiong: k € I,,,} in which
there is only one, denoterf*“”, verifying RSV = RS, and W s:"*) = ws;; for the rest of the
transactionsyy, k # site(i), RSF = ¢ andW.SF = W S,. Tf“e(’:) determines the local transactionBf,

i.e., the transaction executed at its delegate replica@ywhilstT’, k # site(i), is a remote transaction
of T}, i.e., the updates of the transaction executed at a rentetefsi update transaction reads at one site
and writes at every site, while a read-only transaction @xigts at its local site. In the rest of the paper,
we consider the general case of update transactions wittengoty sets.

LetT* = {TF: i € I,,} be the set of transactions submitted at eachksiter,,, for the setr”. Some of
these transactions are localkatvhile others are remote ones. Assumption 1 implies that gacisaction
submitted to the system either commits at all replicas oranenof them. Thus, the updates applied in a
delegate replica by a given transaction are also applieddrrést of replicas. Obviously, we consider a
fully-replicated system. Since only committed transatsiare relevant, the histories being generated at
each site should be histories o\#&¥, as defined above.

Assumption 1(Atomicity). H* is aCCMV history overr™* for all sitesk € I,,..

In the considered distributed system there is not a commukar a similar synchronization mecha-
nism. However, we can use a real time mappingJ, ., - (H*) — RT that totally orders all operations of
the system. This mapping is compatible with each partiatord defined fora* for each sitek € I,,.. In
the following, we consider that eadhB* providessl-schedules under the previous time mapping.

Assumption 2(SI Replicas) H} is aSkschedule of the histori” for all sitesk € I,,,.

In order to study the level of consistency implemented byrablockingROWA protocol is necessary to
define the one copy scheduleXschedule) obtained from the schedules at each site. Iretktadefinitions,
properties and theorems we use the following notation: &@hdransactioff;, i € I,,, c;m'"“') denotes the
commit operation of the transactian at sitemin(i) € I,, such that!""” = minc;,, {c'} under the
considered mapping).

Definition 7. LetT = {T;: i € I,} be the set of submitted transactions to a replicated datalsgstem
with a non-blockin®ROWAstrategy that verifies Assumption 1 and Assumption 2.sLetJ, ., (H") be
the set formed by the union of the historigs over7* = {7}: i € I,}. And lett: S — R™ be the mapping
that totally orders the operations if\.

ThelC-scheduleH, = (H,t': H — R™), is built from S andt() as follows:



For each: € 1,, andk € I,,,

1. Remove frond operations such that:
Wi(X:)F , withk # site(i), or
ck , With & # min(4)

2. H is obtained with the rest of operations $hafter step 1, applying the renaming:
Wz(Xz) — Wi(Xi)site(i)
R; (X]) =R; (Xj)Site(i), and
C; = o

3. Finally, t'() is obtained front() as follows:
(Wi X)) = t(Wi(Xq)* ™)
t'(Ri(X;)) = t(Ri(X;)**™"), and
t'(Ci) = t(C )

As t'() receives its values from(), we write, H; instead ofH,.. In the 1C-scheduleH;, for each
transactionr;, is trivially verified b, < ¢; because th®OWA strategy guarantees that for &ll#¢ site(),
b < bk, ThelC history H, that is formed by the operations over the logites, is also a history over
T. We prove this fact informally. By the renaming (2) in Defiait 7, each transaction, has its operations
over the data items iRS, andW S;, and<, is trivially maintained in a partial ordex for H, becaused,
contains the local operations i?zf“e‘”. H is also formed by committed transactions, under Assumgitjon
for eachT;, C; € H. Finally, if Ri(X;) € H, thenR;(X;)**®) e g As H*"*(" is a history over
site(d) thenc;“ﬁ(i) = Ri(Xj)site(i)_ By definingC]’.’””‘j) ~ C;itﬁ(i) ins thenc;nm(j) = Ri(Xj)site(i) and
s0C; < R;(X;). ThusH can be defined as a history over

Condition (2) on Definition 7 ensures that a transaction ismitted as soon as it has been committed
at the first replica. Finally, no restriction about the begng of a transaction is imposed in this definition.
Hence, this definition is valid for the most general case of-htmcking protocols.

Although Assumptions 1 and 2 are included in Definition 7ytde not guarantee that the obtained
1C-schedule is &l-schedule. This is best illustrated in the following exaeyplhere it is also shown how
the 1C-schedule may be built from each si&schedules. In this example two sites and the next set of
transactions are considered:

T ={R:(Y),Wi(X)}, To={R(Z), W2(X)},
Ts = {R3(X),W5(2)}, Ta={Ra(X),Ra(Z), Wa(Y)}

Figure 1 illustrates the mapping described in Definition 7 ailding a 1C-Schedule from thesI-
schedules seen in the different nodes T» andTs are locally executed at site(RS2 # 0 andRS3 # 0)
whilst 71 andT} are executed at siterespectively. The writesets are afterwards applied ateh®te sites.

Schedules obtained at both sites 8reschedules, i.e. transactions read the latest versioneotaim-
mitted data at each site. TH€-schedule is obtained from Definition 7. For example, the minof 7
occurs for thelC-schedule in the minimum of the interval betweghandC? and so on for the remaining
transactions.

—Ti— T: T —Ti—
s W(X)C: R{ZYWAXYC: R{XYW(Z)'C: W(Y)'C:
T T T T
s RYPW(XYC: WY ZFC: ROXFRAZYWLYYC: WXYC
T. T, T, T,
ERMWX)C  R{Z)W(X)C ROOW(Z)C: R{XIR(ZIWY)C. ..

Figure 1: Execution not providing SI nor GSI.

In the 1C-schedule of Figure 17, readsX; andZs but the X, version exists between both (singe
was installed at site). 71 and7, satisfying that?’ S WS, # 0, are executed at both sites in the same
order. AsT; andT: are not executed in the same order with regardipthe obtained.C-schedule is
neitherSi nor GSI.



6 One Copy Snapshot Isolation Schedules

The 1C-scheduleH; obtained in Definition 7 will be &l-schedule if it verifies the conditions given in
Definition 3. The question is what conditions lo&schedulesH}, have to verify in order to guarantee
that H, is a SI-schedule. Definition 4 o§l-equivalence provides a starting point becaus#,ifis a SI-
schedule, it would bel-equivalent to eaclsl-scheduledf. Taking into account the first condition of
Sl-equivalence in Definition 4, we consider the kindRWA protocols that guarantee the same total order
of the commit operations for the transactions with writefeviconflicts at every site. This is stated in
Assumption 3.

Assumption 3(Total order of conflicting transactionsfor each pairT;, T; € T with WS, WS; # (), a
unique order relation: < ¢ holds for allSkschedulesif with k € I.,..

Under this Assumption, it seems clear thatGschedule serializes the execution of conflicting trans-
actions as Definition 3 about Sl-schedules requires.

Property 4. Under Assumption 3, thieC-schedule, verifies that for each pair;, 7y € T: —(T; impacts
Ti at bz)

Proof. By Assumption 2, at any site € I.,, for each paitr}, 7 € T": ~(T} impacts TF at b}). Thatis,
WSFNWSE =0V (b <cf <cf).

1. If WSF nwsSF = 0, by definition ofT; andT;, WS; N WS; = 0. Then,~(T} impacts T; at b;).

2. LetWwS¥nWwSF # 0. Again, by definition off; andT;, WS;nWS; # 0. Hence, either (T} impacts
T} at bf) or ~(TF impacts T} at by). Thus,cf < b¥ orcf < bf hQ|d$. By Ass_umption X<k
for all sitesk € I,,. Thus,cl < b¥ forall k € L. In particular,c;"**) < 55"**""). By definition of
Hyi:¢; < c; ande; < Y < b; holds inH,.

Suppose that; impactsT; at b, in H.. Thatis,IWS, N WS, # @ andb; < ¢; < ¢;. A contradiction
with ¢; < ¢; is obtained. Thereforey(T; impacts T; at b;).

Analogously, ifT; impactsT; atb; in H,. Thatis,WS; "W S; # 0 andb; < ¢; < c;. A contradiction
with ¢; < b; is obtained again, and thereforeT; impacts T; at b;).

O

However, the execution of write/write conflicting trandans in the same order at all sites does not
offer SI nor GS|, as it has been shown in the example of Figure 1. In that examly 77 andT» had
write/write conflicts and they have been executed in the sarder at every site. Therefore, taking into
account the second condition in Definition 4, it is necesshay a transaction reads the latest installed
version in the system of a data item.

Assumption 4 (Latest-version read)For each pair of transactions;, 7; € 7' with WS; N RS; # 0: they
verify thatifc; < b; in H, thenc;" ™ < b3 in g7,

Under Assumptions 3 and 4 it is easy to proof the next Theorrstates that theC-schedule is a
Sl-schedule.

Theorem 1. Under Assumption 3 and Assumption 4, tlieScheduled, is a Si-schedule.

Proof. By Property 4 the condition (2) in Definition 3 &fi-schedule is verified for,. We only need to
prove the statement:

“if Ri(X;) € Hthen {X;} = latestVer(X, Hy, b;)".
Supposer; (X;) € H and{X;} # latestVer(X, H:,b;). There is aversioX, installed by some transaction
T, such that; < ¢, < b;.
If Ri(X;) € H, by Definition 7 ofH;, R;(X;)*"**® e H*"*()  From Assumption 2, it is always satisfied
that{X;“e(i)} = latestVer(X >, Hfite(i), b‘:“e(i)).
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Also, Assumption 1 ensures thaf'*<(*) < He O and X3¢0 e Ver(X e gt ) As X € WS, N
WS,., by Assumption 3, it;"“() < ¢£*“() thene, < ¢;. Since this contradlcts the initial supposition, we
have that"*“(" < /<),

Finally, X e WS, m RS; ande, < b; in H, by the supposition. Considering Assumption 4;.if< b; in H;
then site(z) < bszte 7

In conclusion, x:**°® e Ver(X*e® gty and ey < " < 5" Therefore {x;"V} #
latestVer(X®te®) gt poite@) ande”P‘ s not asl-schedule against Assumption 2. The Theorem
holds. O

It is easy to show that evenyC-schedule that is 8l-schedule satisfies Assumption 4.Hf(X;) € H,
then{X;} = latestVer(X, Hy,b;) andc; < b;. AsS {XSiw(i)} = latestVer(X*"e® griteW poite)y holds,
H;"*" is asl-schedule by Assumption 2, thefi*“” < b:"*“( Hence, both assumptions 3 and 4 compose
a single sufficient condition for SI-schedules. Assumpfiagnalso a necessary condition, but Assumption 3
is not. To show that, consider two sites and two transactinandTz, such thatv.s; N WS, # (. In the
site 1, T} is executed befor&; ; and in the site, 77 is executed after’;. Besides, consider tha} < 2
holds. If other transactiofi; starts its execution in the siteafter the commit times of; and7? and it
writes again the same updatesidfin both sites, then the obtainad-schedule will be &I-schedule but
Assumption 3 will not hold.

In the ROWA protocols considered in Section 5, Assumption 4 emphagfrmsa transaction must
see the latest installed version in the system. In other syoadtransaction must remain blocked until
Assumption 4 becomes true. As the consideR&IVA protocol only sends the writeset to remote sites, it
can not be checked whether another site has installed a rswreAs a straight consequence of this, it
is not possible to abort the transaction violating 8iéevel. Thus, only a blockinROWA protocol may
obtain theSl level.

To circumvent such inconvenience, one approach to olstei; sending the readsets and writesets of
transactions to all sites in order to know if some transactias missed a more recent version. Sending the
readset to all sites is prohibitive (leading to lower penf@ance, poor scalability and higher abortion rates)
but, on the other hand, stronger isolation levels tBamay be obtained, more precisely serializable as it
has been pointed out in [13].

Another alternative approach consists in broadcastingrastessage containing the transaction identi-
fier. This message is sent when the transaction is submittesickelegate local replica. Thus, the execution
of the transaction is delayed until the message has bearedasliat its local replica. In the other replicas,
this message is used to mark the starting point of the rementsdction. This approach delimits the time a
transaction waits for the latest version installed in thetsgn. However, any start message must be deliv-
ered at every site in the same order with regard to any othesage containing either a writeset or another
start indication; and the processing of any start message follow the same order as that obtained upon
the delivery of other messages. Hence, a start indicatiootiprocessed before finishing the application
of writesets received in previous messages.

In this way, by an appropriate modification of the definitigrirvorder to defineé; = min,{b¥}, itis
obtained that, it:; < b; in the 1C-schedulél,, thenc® < b} for each SI-schedul®} at every site, and in

particularc; " < 57"V in 17" Ifitis not true for a site, that i)} < ¢}, it means that the same
total order for the start message has been violated.

7 One Copy Generalized Snapshot Isolation Schedules

In the previous section, Assumptions 3 and 4 have been ugmdve how a 1C-schedule that verifies the
conditions of a SI-schedule can be obtained using ROWA pad$o However, Assumption 3 is not enough
for obtaining such schedule —without Assumption 4—, anduAggion 4 is too restrictive for a regular
replicated system, since it needs to block the start of &etins in order to be held. As explained in the
next section, most Sl replication protocols are based oricasting transaction writesets in total order,
and on guaranteeing a commit total order in all replicas.uélty, the main issue in these protocols is to
maintain such total order of transaction commits. As a tesirice all replicas generate Sl-schedules and
their local snapshots have received the same sequence ategpttansactions starting at any site are able
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to read a particular snapshot, that perhaps is not the latestbut that is consistent with those of other
replicas.

Assumption 5(Total order of committing transactionsfror each pairT;, T; € T, a unique order relation
ci < ¥ holds for allSkschedules?! with k € I,,.

The SI-schedules? have the same total order of committed transactions. Withams of general-
ization, we consider the following total order in the resttois section:cf < ¢ < ... < & for every
ke ln.

In the next property we are going to verify that, thanks to tibtal order, versions of items read by
a transaction belong to the same snapshot in a given timezahteThis interval is determined for each
transactionr; by two commit times, denoted, andc;,. The former corresponds to the commit time of
a transactior;, such thatr; reads fromT;, for the last time and from then it performs no other read
operation. The latter corresponds to the commit time of asaationT;,, so that it is the first transaction,
afterT;,, that verifies¥ S;, N RS; #  and hence modifying the snapshot of the transactioin case that
T;, does not exist, the correctness intervalfowill extend fromc;, to b;.

Property 5. Let H; be a1C-schedule verifying Assumption 5. For eathe T if R;(X;) € H then
X; € Snapshot(DB, Hy,7) andr € RT satisfies;, <1 < ¢;, < b;.

Proof. Let ;" be a transaction such thets;, N RS: # 0 andc;"“"” defines the last time in; """
from which transactiorr;**” no longerreads fromr;"*“”’ a version of a data item. By Assumption 2:
VY € WSi, N RS;: {Y "} = latestVer(y*"*®, g;*® p:*®) By Assumption 1 and Definition 7:
Tio eT andcio < b;.

LetX € RS; be an item read by; such that\ ¢ WS;, N RS; and{X;"*“"} = latestVer( X" H ",
by, We prove thaiT, € T: X, € Ver(X,H) Ac; < cr < ciy. Note that if this property is false, then
the versionX, will be more up-to-date thax; in H, whenT; reads fromT;,. The1C-scheduler, will
not be aGSkschedule. By contradiction, if there exigtsandc; < ¢, < ¢;, then by Assumption 5 and 1:
et < gt < it Thus, X7 is not the latest version in; " atb; "<

It is important to note that;"*“”’ defines the moment whef’*“”’ reads the latest version faf
Hence;, will define for H, the time instant of’;’s snapshot. If there exists a transactiopwith W.s;, N
RS; # 0, thenT; will not see the versions installed ly, . Thus,b:"“®") < ¢***) However, it may happen
in H, thatc;, < b;. In fact, this is the main reason to 168 a GSI-schedule.
In conclusion, for allX € RS;, X; € Snapshot(DB, Hy, c;,) holds. This is valid for every, ¢;, < 7, until
the first transactiofT;, € T such thatVs,, N RS; # 0 or until b;(b; = b:**™) if there not exists such a

transaction. Therefore;, < 7 < ¢;, < b; holds.

site(i)
¢ .

O

The aim of the next theorem is to prove that the 1C-scheddasmted by any ROWA protocol that
verifies Assumption 5 are actually GSI-schedules; i.ey, ttmanply with all conditions stated in Definition
5. Whilst proving that a transaction always reads from theesanapshot in a particular time interval is
easy, it is not trivial to prove that for a given transactibnthere has not been any other transactign
that has impacted; and that has been committed whilstwas being executed. However, due to the total
commit order an induction proof is possible, showing thatabtained 1C-schedule verifies all conditions
in order to be a GSI-schedule.

Theorem 2. Under Assumption 5, thieC-scheduled; is a GSkschedule.

Proof. H, is aGSkschedule if verifies Definition 5. Under Assumption 5 andn& 3l-schedulesi} have
the same total order of committed transactiodsx 5 < ... < ¢* for everyk € I,,. H, also verifies such
an ordere; < ¢z < ... < ¢, because by Definition ihinyer,, {cf } < minker,, {cf} with1 <i < j <n.

The rest of the proofis made by induction over such a totaoréirst, we define the subsets of transactions
foreachi € I,: T(i) = {T1,T»,...,T:} C T and for each: € I,: T*(i) = {TF,T%,...,TF} € T*. Using
these subsets we defite”(:), Hf (i), H(i) and H,(i). They are exactly equal ta/*, HF, H and H,
respectively, except that they only include the operationg (i) or 7'(i). Thus, itis clear that’*(n) = H*,
Hf(n) = Hf, H(n) = H andH,(n) = H,.
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Induction Base. H.(1) is aGSkschedule. There is only one committed transactio(n). Therefore,
Definition 5 is trivially verified forH;(1).
Induction Hypothesis. H,(j) is aGSkschedulde < j <i— 1.
Induction Step. We will prove thatH, (i) is aGSkschedulej € I,,. Note thatr'(i) = T(i — 1) U {T;}. As
H.(i—1) is aGSkschedule, by Hypothesis, for any paijr, 7 € T'(i—1): —(1; impactsI;y ats}). Asc; < ¢;
for 1 < j <i -1, by the considered total ordet(T; impactsT; ats;) in H.(3). If R;(X,) € H(i — 1) and
X, € Snapshot(DB, Hy(i—1),s;) for 1 < j < i—1thenR;(X,) € H(i). X, # X; because;"*") < <)
andH;"*" is aSl-schedule and hence, € Snapshot(DB, Hy(i), s;).
Therefore, in order to prove thaif, (i) is aGSl-schedule, we only need to prove fore T that there exists
a values; < b; such that:

(a) if Ri(X,) € H(i), X, € Snapshot(DB, H¢(i), s;) and

(b) for eachr; € T'(i) : =(T; impactsT; ats;).
The begin time:"“” and the commit time,, of the transactiorT;, € 7 (i) from which 7; reads for the
last time, allow us to define the sets:

Ti(i) = {Tj cT- b;ita(i) < c;ite(i) < Cfite(i)}

To(i) = {Tj € T: ¢ < &5 < p37ey
By Assumption 2T € Ty (i) : WS; "W S; = 0, i.e. H;"*) is aSl-schedule, and by definition af, € T
and again Assumption 7, € Ti(i) : WS; N RS; = (0. LetT;, € T»(i) be the last transaction such that
in the total order it verifiesv' S;, N WS; # 0. Note that in thelC-schedule, obtained from Definition 7, a
commit timecj“e“) for a transaction ifTy (4) may change its relation with respectio but maintaining the
order relation with respect the other commit times. Lgte 71 (i) be the first transaction such that < b,
in H, andWsS;, N RS; # 0 Thus,c;, < ¢i, < ¢, < b; holds inH;.
For any values; € (ci,,ci, ), (@) holds for Property 5 and (b) holds by the way € T has been defined.
For eachr; such that;, < ¢; < b, if T; € To (i) thenW S; nWS; = 0. If not, T;, is not the last transaction
verifying such a condition; and if; € 71 (i) thenWw S; N W.S; = 0. Thus, these transactions do not impact
with T;. The rest of transactions do not either impact wittbecause their commit times are sooner than
Si
To conclude, if there does not exist thens; = b; and therefore (a) and (b) holds. In case that it does not
existT;, thens; € (ci,,ci, ) and again (a) and (b) holds.

O

This proof has not been given before in any ROWA-based Slaatin protocol ensuring total order
for the commit operations of all transactions in the systeplicas. This theorem formally justifies such
protocols correctness and establishes that their regubimlation level is GSI. Additionally, it is worth
noting that Assumption 5 is a sufficient condition, but notessary, for obtaining GSI. Despite this,
replication protocols that comply with such an assumptieneasily implementable. In the next section,
we analyze some recent Sl replication protocols and othatei works.

8 Related Work

The principles stated in this paper have been already usethiny database replication protocols that
provide the Sl level [26, 22, 23, 27, 13]. Indeed, all of these an atomic broadcast protocol for writeset
propagation, and thus all transactions are totally ordefded[26] those delivered writesets that do not
intersect are allowed to proceed concurrently, and this immgpjy that they might be applied in different
orders in different replicas. However, this creabtedesin the writeset list being managed by this protocol
and, as a result, local transactions are blocked until thetes disappear. When this happens, the effects
of these concurrent writeset applications are the sameoas thf an application in total order, and the local
transactions are then allowed to begin.

The assurance of this total order in the application of @atiens in all replicas also leads to the typical
certification carried out in this kind of protocols. All dedired writesets are ordered in the same way in
all replicas and a conflict checking is made in order to cgmiich transaction. This implies that local
transactions that collide with such writesets must be &oorMoreover, this kind of certification can be
locally performed, without needing an additional votinginol among replicas (the needed coordination
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has been achieved using the total order broadcast). Umiately, in some cases a local DBMS may abort
the application of some writeset (e.g., due to a deadloclduerto a local failure), but the replication
protocol has to be prepared to manage appropriately thesgsevTo this end, such writeset applications
must be retried until they are successful, and the orderadf #pplication must be correctly ensured. Some
protocols have already described this kind of events (R6]).

All certification-based protocols need to maintain a histbst of already applied writesets in order to
check each incoming writeset for validating it. If no corifégises, the transaction can commit, otherwise
—in case of “impact™- the transaction being certified shcdagdaborted. The problem with such historic
list is that the writesets are not small, and they demand &f lstemory (either main memory or secondary
storage) for maintaining such list. This might compromise performance of this kind of replication
protocols. Hopefully, such historic list does not need wrestits writesets indefinitely. A sequence of
writesets can be dropped from this list when there is no atlyeactive transaction in any replica that
started before the certification time of such writesets. ArslBubprotocol should be added to the SI
replication protocols in order to ensure such garbage ciidle of the historic list, and [2] provides a first
example of this kind of subprotocols.

The certification process outlined in the previous paralgsafand detailed in some parts of this paper—
can be optimized in a middleware-based implementationn(asir MADIS middleware [21]) using the
assistance of the concurrency control mechanisms of therlymadg DBMS. To this end, the middleware
protocols need to scan periodically a catalog table of ttaetyging DBMS where the blocking relations
between active transactions are maintained. We have tgblpanalyzed this mechanism in [27] com-
paring three different implementations of a Sl replicatfpotocol, and its results show that using such
approach the protocol is able to abort sooner those confiictansactions that otherwise will have been
aborted in the certification phase. Due to this, the tram@actompletion time of the committed transac-
tions can be reduced (from 1% to 10%, depending on the nunibbeplicas and the transaction length),
improving thus the performance of a middleware-basedceafitin protocol.

The need of blocking local transactions when the total ocdenot be ensured is a little flaw that might
generate a serious performance loss for these blockedattmss. To reduce this problem, some comple-
mentary techniques must be used to ensure that writesetgiatdy applied. One of the best examples is
[12] where both commit ordering and transaction durabditg merged either into the middleware or into
the database engine. Thus, a batch of ordered writesetplisépt once, achieving a throughput increase
that is 3 to 5 times better than that of the traditional midaiee techniques.

In [11] an isolation level intermediate to the GSI and Sl lswiscussed in this paper is proposed
and justified: strong session Slt is meaningful for systems wittazy update propagation, according to
the classification given in [17]. Thistrong session Slkevel is able to avoid transaction inversions, as
our defined 1CSI also does, but without the overall blockiebavior of a 1CSI protocol. The problem
of transaction inversionsirises when a particular client that submits two conseeutansactions is not
able to see in the second one the updates generated by trenérsThis might happen using a GSI level
combined with lazy propagation. In order to avoid such peahla given application should be divided
into multiple sessiongdisjoint subsets of transactions) and tleads-fromrelation between committed
transactions should be enforced only inside each sessitmough the aim of that paper is not the same as
ours, the definitions given in [11] for 1CSI and GSI (hamedpestivelystrongandweak Slin that paper)
are identical to the ones used in our paper.

In the field of federated databases there have been somesatefior achieving a Sl level. One of the
first papers of this kind is [33] that presents two differesttiniques for providing a global Si level (i.e.,
something similar to 1CSI for federated databases). Thedirs is based on synchronizing the start of
subtransactions; i.e., it requires that all subtransastibat will compose a federated transaction start at
the same time. To this end, this requires that all of thent atiaeginoperation at once and such operation
can not be interleaved with thetomic commitment protocalf other federated transactions. This is a
stronger requirement than the one described in this papethb context is also different since federated
transactions are more complex thgpdate anywherfl7] replication protocols (many subtransactions can
be directly initiated in a federated transaction, whilsiimeplicated environment only a single delegate
replica directly executes the transaction whilst all otteglicas simply apply the updates contained in the
propagated writeset). Its authors also discourage thisoagp due to its transaction throughput loss. The
second technique uses an optimistic approach and onlyresgwvo conditions on transaction execution;
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thus, two federated transactions cannot be (1) concum@nmté database, and (2) have a reads-from relation
in another database. That paper formalizes and justifidso{agh does not prove its correctness in depth)
this second technique. It also recommends its use sinceetttatique does not incur in the performance
penalties of the first one. However, such two conditions aarenise in a replicated setting. As a result,
the formalization and justification given in [33] do not ekgenatch what has been presented in this paper.
Indeed, such paper does not discuss anything similar to GSI@-GSI.

Coming back to the contents of Section 4, an appropriatergénation of our definition 5 might
include a third property of &Skschedule. This property bounds the freshness of the snapsbvided to
a transactior;, in terms of adistance function:

3. d(Snapshot(s;), Snapshot(b;)) € [0, k]

The above mentionedistance functior could be defined in a variety of ways, ranging from a time-
based one (e.gd(Snapshot(s;), Snapshot(b;)) = b; — s;) to more complex value-based specifications,
using the number of updated items, or even the relative &haege on items read by a transaction. We
have taken this research line in [3] providing there a flexiigplication protocol that is able to bound the
degree of freshness for the transactions’ snapshot. Asudtresir k-boundSl replication protocol [3] is
able to range from a relaxed GSl level to a strict 1CSI levediefined in this paper. In order to achieve
the 1CSl level it only requires an empty total-order mukiicaessage that is needed to start a transaction.
Such message should be multicast by the transaction delesgdica, and once delivered, such transaction
is allowed to start. Note that, as proved in the current papelr previously suggested in [13], the strict
Sl protocol needs to block transactions start. Additiondhis protocol combines this certification-based
variant for the GSI and 1CSl levels with a weak-voting [35¢dhat allows the support of the serializable
isolation level. So, in a single protocol we have providegpsrt for three different isolation levels.

Regarding thik-boundreplication protocol, other recent papers [5] of our grotgiesthat for support-
ing multiple isolation levels the simplest approach is te assingle protocol architecture (any of those
distinguished in the classification given in [35], for inst&). So, we have also unified the protocol archi-
tecture of the originak-boundprotocol (in [22]), using a weak-voting approach for alltitsee levels. Up
to our knowledge this is one of the first protocols that useswiieak-voting approach for Sl replication
protocols and can improve the system performance for thppkcations having a high degree of trans-
action conflicts, since the validation/certification stepnly made in one replica. Additionally, with a
weak-voting approach no replica needs to maintain any settéistory and this reduces the amount of
memory needed by each site in order to execute the protocol.

9 Conclusions

This paper studieBROWA protocols for database replication, where each replica aB8MS providing Sl
isolation level. ROWA replication protocols exclusively based on propagatirghiteset of transactions
may not achieve the one-cogJconsistency level unless they do block the beginning ofstaations until
they get the latest system snapshot. This potential blgakitransactions makes the main attractiospf
the non-blocking execution of read operations, not feasibhis is the main reason for introduciggl in
database replication scenarios.

This paper establishes that the sufficient condition foamiiig aGSI consistency level is the same
total order of committed transactions. This fact limits Kied of replications protocols to be implemented
in a replicated setting in order to obta@sl.

To sum up, all the properties that have been formalized inpayrer seem to be assumed in some
previous works, but none of them carefully identified nomfatized such properties. As a result, we
have provided a sound theoretical basis for designing andldging future replication protocols with
Generalized Snapshot Isolation.
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