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Abstract. Dynamic content Web sites consist of a front-end Web searegp-
plication server and a back-end database. In this papertnalirce distributed
versioning, a new method for scaling the back-end datalteeagh replication.
Distributed versioning provides both the consistency gotes of eager repli-
cation and the scaling properties of lazy replication. lesiso by combining a
novel concurrency control method based on explicit vesioith conflict-aware
query scheduling that reduces the number of lock conflicts.

We evaluate distributed versioning using three dynamiterdrapplications: the
TPC-W e-commerce benchmark with its three workload mixesaaction site
benchmark, and a bulletin board benchmark. We demonstnatedistributed
versioning scales better than previous methods that peasadisistency. Further-
more, we demonstrate that the benefits of relaxing consigtere limited, except
for the conflict-heavy TPC-W ordering mix.

1 Introduction

Web sites serving dynamic content usually consist of a Walesean application server
and a back-end database (see Figure 1). A client requesgri@ngic content causes the
Web server to invoke a method in the application server. fipdieation server issues a
number of queries to the database and formats the resultstd$L page. The Web
server then returns this page in an HTTP response to thd.clien

Application Database
Server server

Weberver

Fig. 1. Common architecture for dynamic content Web sites

Replication [4, 13, 15, 27] of the database back-end allowsdved data availabil-
ity and performance scaling. Providing consistency at #raestime as performance
scaling has, however, proven to be a difficult challenge.eEagplication schemes,
which provide strong consistency (1-copy serializabili#}), severely limit perfor-
mance, mainly due to conflicts [11]. Lazy replication witHadeed propagation of mod-
ifications provides better performance, but writes carvargut-of-order at different
sites and reads can access inconsistent data.

Recent work has argued that several distinct consistendglashould be supplied,
since dynamic content applications have different coesist requirements. Neptune



proposes three levels of consistency [22]. An extensiomigfitlea proposes a contin-
uum of consistency models with tunable parameters [28] pfbgrammer then chooses
the appropriate consistency model and the appropriaterpseas for the application or

adjusts the application to fit one of the available modelgusiihg the application may

require non-trivial programmer effort.

In this paper we introduce distributed versioning, a tegheithat maintains strong
consistency (1-copy serializability [7]) but at the sammadiallows good scaling be-
havior. Distributed versioning improves on our earlier wan conflict-aware sched-
ulers [3] in two ways:

1. A limitation of the previous scheme is the use of conséreatvo-phase lock-
ing which, while avoiding deadlocks, severely limits cormemcy. We introduce
a novel deadlock-free concurrency control algorithm basedexplicit versions,
which allows increased concurrency. Distributed versigrintegrates this concur-
rency control algorithm with a conflict-aware schedulerrntprove performance
over the methods introduced earlier [3].

2. We investigate the overhead of using 1-copy serialitgifmibmpared to looser con-
sistency models provided by lazy replication. We study tivierhead using a vari-
ety of applications with different consistency requirensen

In our evaluation we use the three workload mixes (browsshgpping and order-
ing) of the TPC-W benchmark [26], an auction site benchm&fkgnd a bulletin board
benchmark [1]. We have implemented these Web sites usieg fhwpular open source
software packages: the Apache Web server [5], the PHP Wgtitieg/application de-
velopment language [18], and the MySQL database server (i results are as fol-
lows:

1. Distributed versioning increases throughput compaweadtraditional (eager) pro-
tocol with serializability by factors of 2.2, 4.8, 4.3, 5ahd 1.1 for the browsing,
shopping, ordering mixes of TPC-W, the auction site and thketin board, respec-
tively, in the largest configuration studied.

2. For the browsing and shopping workloads of TPC-W and ferlihlletin board,
distributed versioning achieves performance within 5%l&f best lazy protocol
with loose consistency. The auction site’s performanceiiBiw25%. The differ-
ence is larger in the TPC-W ordering mix, because of the latgeber of conflicts,
but the best lazy protocol does not respect the applicatimernantics.

3. There is no penalty for enforcing serializability for dipptions with loose consis-
tency (e.g., the bulletin board).

The outline of rest of the paper is as follows. Section 2 dbssrthe programming
model, the consistency model and the cluster design usedidtributed versioning.
Section 3 introduces distributed versioning. Section 4dless our prototype imple-
mentation. Sections 5 describes the consistency modelgharnthplementation of the
different lazy protocols with loose consistency modelslesgr in the paper. Section 6
presents our benchmarks. Section 7 presents our expeghpdaiform and our evalua-
tion methodology. We investigate how distributed versignaffects scaling, and com-
pare it against the other lazy protocols in Section 8. Sedidliscusses related work.
Section 10 concludes the paper.

2 Environment

This section describes the environment in which distridwtersioning is meant to
work. In particular, we describe the programming model,dbsired consistency, and
the cluster architecture.



2.1 Programming Model

A single (client) Web interaction may include one or morengactions, and a single
transaction may include one or more read or write queries.agplication writer spec-
ifies where in the application code transactions begin anld lerthe absence of trans-
action delimiters, each single query is considered a tiimsaand is automatically
committed (so called "auto-commit” mode).

At the beginning of each transaction consisting of more thaa query, the pro-
grammer inserts @re-declarationof the tables accessed in the transaction and their
modes of access (read or write). The tables accessed bgsipgration transactions do
not need to be pre-declared. Additionally, the programmseiits dast-useannotation
after the last use of a particular table in a transaction s€hannotations are currently
done by hand, but could be automated.

2.2 Consistency Model

The consistency model we use for distributed versioning-é®fy-serializability [7].
With 1-copy-serializability, conflicting operations offfdirent transactions execute in
the same order on all replicas (i.e., the execution of afidagtions is equivalent to a
serial execution in a total order).

2.3 Cluster Architecture

We consider a cluster architecture for a dynamic conteef sitwhich a scheduler dis-
tributes incoming requests on a cluster of database reydicd delivers the responses to
the application server (see Figure 2). The scheduler melf lie replicated for perfor-
mance or for availability. The application server intesagirectly only with the sched-
ulers. If there is more than one scheduler in a particulafigaration, the application
server is assigned a particular scheduler at the beginrfirgtansaction by round-
robin. For each query of this transaction, the applicatienver only interacts with this
single scheduler. These interactions are synchronousdon query, the application
server blocks until it receives a response from the schedldehe application servers,
a scheduler looks like a database engine. At the other entl,dsabase engine inter-
acts with the scheduler as if it were a regular applicatianese As a result, we can
use any off-the-shelf Web server (e.g., Apache) and agjdicaerver (e.g., PHP), and
any off-the-shelf database (e.g., MySQL) without modifmat When more than one
front-end node is present, an L4 switch is also included.Udeof an L4 switch makes
the distributed nature of the server transparent to thatdie

Ethernet
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Scheduler

Application

Dserver
Server

WelServer

Fig. 2. Cluster design for a dynamic content Web site



3 Distributed Versioning

Distributed versioning achieves 1-copy serializabil#tipsence of deadlock and a high
degree of concurrency using a lazy read-one, write-allicafibn scheme augmented
with version numbers, as described next.

3.1 Lazy Read-one, Write-all Replication

When the scheduler receives a write or a commit query fromafi@ication server, it
sends it to all replicas and returns the response as soonexeives a response from
any of the replicas. Reads are sent only to a single replichttee response is sent back
to the application server as soon as it is received from #paltaa.

3.2 Assigning and Using Version Numbers

A separate version number is maintained for each table idditebase. A transaction is
assigned a version number for each table that it accessespiebor single-read trans-
actions, see below). As discussed in Section 2.1, each-oudtiy transaction declares
what tables it reads or writes before it starts executiore fHibles accessed by single-
query transactions are implicitly declared by the quemiftBased on this information,
the scheduler assigns table versions to be accessed byehegjin that transaction.
This assignment is doregomically, i.e., the scheduler assigns all version numbers for
one transaction, before it assigns any version numbersiéonéxt transaction. Version
number assignment is done in such a way that, if there is aicoipdtween the current
transaction and an earlier one, the version numbers givéretourrent transaction for
the tables involved in the conflicts are higher than the eersiumbers received by the
earlier conflicting transaction.

All operations on a particular table are executed at allicaglin version number
order. In particular, an operation waits until its versigraivailable. New versions be-
come available as a result of a previous transaction cormgittr as a result of last-use
declarations (see Section 3.5).

Transactions consisting of a single read query are treaféatehtly. No version
numbers are assigned. Instead, the query is simply forwlat@®ne of the replicas,
where it executes after all conflicting transactions cortgpl&his optimization results
in a very substantial performance improvement withoutatiolg 1-copy serializability.

3.3 1-Copy Serializability and Absence of Deadlock

If transactions have conflicting operations involving onenore tables, then the version
numbers for the conflicting tables assigned to the earlarsaction are strictly lower
than those assigned to the same tables for the later tramsa8ince all conflicting op-
erations execute in version number order at all replicagaaiflicting operations of all
transactions execute in the same total order at all repli¢asce, 1-copy serializability
is established.

A similar argument shows that distributed versioning asadadlock. For all tables
that cause conflicts between transactions, the version etgw@assigned to one transac-
tion must be either all smaller or all larger than those assigto another transaction.
Since transactions only wait for the completion of operatiwith a lower version num-
ber than their own, there can never be a circular wait, anefbee deadlock is avoided.



3.4 Limiting the Number of Conflicts

The scheduler sends write queries to all replicas and retig¢beir asynchronous execu-
tion in order of version numbers. At a given time, a write oreéadtem may have been
sent to all replicas, but it may have completed only at a sudfghem. A conflict-aware
scheduler [3] maintains the completion status of outstamdirite operations, and the
current version for each table at all database replicasidbiis information, the sched-
uler sends a read that immediately follows a particulareninitversion number order to
a replica where it knows the write has already finished (e corresponding required
version has been produced). This avoids waiting due to vaéd-conflicts.

3.5 Reducing Conflict Duration

In the absence of last-use declarations in a transactibasjdrsions of various tables
produced by the current transaction become available dntgp@mmit time. The pres-
ence of a last-use declaration allows the version to be pedlimmediately after the
time that declaration appears in the application code. @ity releaseof a version re-
duces the time that later transactions have to wait for thegign to become available.
Early releases do not compromise 1-copy-serializabifity.versions are atomically
pre-assigned at the beginning of each transaction, andseéoweelease occurs only af-
ter the last use of a particular table. Hence, the total andeaf conflicting transactions
at all replicas is the same as the one in the system witholyt edeases.

3.6 Rationale

In our earlier work [3] we use conservative two-phase loglas the concurrency con-
trol method for conflict-aware scheduling. We now demonstrehy distributed ver-
sioning leads to more concurrency than conservative 2PL.

In both conservative 2PL, and distributed versioning theatation of which tables
are going to be accessed by a transaction is done at the lregofrihe transaction. The
behavior of the two schemes in terms of waiting for confliotbé resolved is, however,
totally different. In particular, conflict waiting timesepotentially much lower for dis-
tributed versioning, for two reasons. First, in consema&fPL, a particular transaction
waits at the beginning until all its locks become availabieontrast, in distributed ver-
sioning, there is no waiting at the beginning of a transact@nly version numbers are
assigned. Waiting occurs when an operation tries to accedseafor which conflicting
operations with an earlier version number have not yet cetegl The key difference is
that at a given operation, distributed versioning only w/&t the proper versions of the
tables in that particular operation to become availableo8d, with conservative 2PL,
all locks are held until commit. In contrast, with distrildtversioning, a new version
of a table is produced as soon as a transaction completesitadcess to that table. In
summary, the increased concurrency of distributed veisgpoomes from more selec-
tive (per-table) waiting for conflicts to be resolved andnfrearlier availability of new
versions of tables (early version releases).

We illustrate the increase in concurrency with an exampgsuine that transactions
Ty, andT; both execute the code shown in Figure 3, writing three diffiétables. As-
sume also that transactidi is serialized before transactidn. In conservative 2PL,
transactiorl’; waits for the locks on all three tables to be freedlybefore it starts
executing (see Figure 4). In contrast, with distributedsiaing the operations on the
different tables are pipelined. This example also cleadmdnstrates that, in general,
both features of distributed versioning (selective p&taavaiting and early availabil-
ity of versions) are essential. Any single feature in isolatwould produce the same
behavior as conservative 2PL and thus less concurrency.



begin
wite a
wite b
wite c
end

Fig. 3. Sequence of updates in a transaction

1 2 3 4 5 6 1 2 3 4
TO: a0, b0, cO TO: a0, b0, cO
T1: al, bl, cl T1: al, bl, cl

Fig. 4. Serial execution in conservative 2PL (left) versus incegiasoncurrency in distributed
versioning (right)

One may wonder if similar benefits are not available withralive 2PL schemes.
This is not the case. Selective waiting for locks can be aghidy implicit 2PL, in
which locks are acquired immediately before each operatioplicit 2PL achieves se-
lective waiting, but at the expense of potential deadloGisen that the probability
of deadlock increases approximately quadratically with ttumber of replicas [11],
any concurrency control algorithm that allows deadlocknslesirable for large clus-
ters. Even if a deadlock-avoidance scheme could be usedjorotion with selective
waiting for locks, early releases of locks are limited by the-phase nature of 2PL,
necessary for achieving serializability.

4 Implementation

4.1 Overview

The implementation consists of three types of processesdsiter processes (one per
scheduler machine), a sequencer process (one for the elotiter), and database proxy
processes (one for each database replica).

The sequencer assigns unique version numbers to the talolessed by each trans-
action. The database proxy regulates access to its datsduase by only letting a query
proceed if the database has the right versions for the tadalesed in the query. The
schedulers receive the various operations from the agitaerver (begin transaction,
read and write queries, and commit or abort transactiomjdod them as appropriate to
the sequencer and/or one or all of the database proxiesetadthe responses back to
the application server. In the following, we describe thitoens taken by the scheduler
and database proxy when each type of operation is receivgatdoessing, and when
its response is received from the database.

4.2 Transaction Start

The application server informs the scheduler of all talifed &re going to be accessed,
and whether a particular table is read or written. The scledarwards this message

to the sequencer (see Figure 5-a). The sequencer assigiameumbers to each of the

tables for this transaction, and returns the result to thedaler. The scheduler stores
this information for the length of the transaction. It thessponds to the application

server so that it can continue with the transaction. Thei@ensumbers are not passed
to the application server.



(c) Read

Fig. 5. Protocol steps for each type of query and query response

operation WWTI WP rr w
next _for_read 012244447
next for_wite 012345677
versi on assi gned 012344147

Fig. 6. Sequencer assigned version numbers for a series of opeatio

For each table, the sequencer remembers two values: therssgjnumbenext -

f or-r ead, to be assigned if the next request is for a read, and the sequaimber
next-for-wite,to be assigned if the next request is for a write. When the se-
guencer receives a request from the scheduler for a set siovenumbers for tables
accessed in a particular transaction, the sequencer setarreach table theext -

f or-read orthenext - for-write sequence number, depending on whether that
particular table is to be read or written in that transactifter a sequence number is
assigned for a writagext - f or - wr i t e isincremented andext - f or - r ead is set

to the new value ohext - f or - wri t e. After a sequence number is assigned for a
read, onlynext - f or - wri t e is incremented.

The intuition behind this version number assignment is thatversion number
assigned to a transaction for a particular table increagesnle every time the new
transaction contains a conflicting operation with the prasitransaction to access that
table. For example, Figure 6 shows a series of read and waéeations on a particular
table, each belonging to a different transaction, in thepodarrival of the transaction’s
version number request at the sequencer. The figure alsossth@wersion numbers
assigned by the sequencer for that table to each transautibthe values ofiext -
for-read andnext-for-wite. As long as the successive accesses are reads,
their transactions are assigned the same version numben&/ar there is a read-write,
write-read, or write-write conflict, a higher version nunligassigned.

The assignment of version numbers for a particular tranmads atomic In other
words, all version numbers for a given transaction are assigpefore any version num-
ber for a subsequent transaction is assigned. As a resealydfsion numbers for all



tables accessed by a particular transaction are eithetHassor equal to the version
numbers for the same tables for any subsequent transactiey.are only equal if the
transactions do not conflict.

4.3 Read and Write

As the application server executes the transaction, itsezat and write queries to the
scheduler. In the following, we explain how the scheduler database proxies enforce
the total order for read and write operations necessary-fmy-serializability.

Enforcing 1-copy-serializability. Both for read and write queries, the scheduler tags
each table with the version number that was assigned todbk for this transaction.
It then sends write queries to all replicas, while read cqgsegire sent only to one replica
(see Figure 5-b and c).

The following rules govern the execution of a query:

— A write query is executed only when the version numbers fahe@ble at the
database match the version numbers in the query.

— A read query is executed only when the version numbers foh ¢alsle at the
database are greater than or equal to the version numbdrs query.

If a write query needs to wait for its assigned versions atriqudar replica, it is
blocked by the database proxy at that replica. If a read queegs to wait, it is blocked
at the scheduler until one of the replicas becomes readyeiouga the query.

In more detail, the scheduler keeps track of the currenieersumbers of all tables
at all database replicas. The scheduler blocks read quanidsat least one database
has, for all tables in the query, version numbers that aratgrehan or equal to the
version numbers assigned to the transaction for thesestalblthere are several such
replicas, the least loaded replica is chosen.

If there is only a single scheduler, then it automaticallgdraes aware of version
number changes at the database replicas as a result of sesptoncommits or early
version releases. If multiple schedulers are presentaedmmunication is needed to
inform the schedulers of version number changes resultimy transactions handled
by other schedulers.

Single-Read Transactions Since a single-read transaction executes only at one ggplic
there is no need to assign cluster-wide version numbersdio adransaction. Instead,
the scheduler forwards the transaction to the chosen egplithout assigning version
numbers. At the chosen database replica, the read queryteseafter the update trans-
action with the highest version numbers for the correspogdéables in the proxy’s
queues releases these table versions.

Because the order of execution for a single-read transaddioltimately decided
by the database proxy, the scheduler does not block suclequier case of conflict, the
read query waits at the database proxy. The scheduler akempeduce this wait by
selecting a replica that has an up-to-date version of edidb teeeded by the query. In
this case, up-to-date version means that the table hasiavensmber greater than or
equal to the highest version number assigned to any pretiansaction on that table.
Such a replica may not necessarily exist.

4.4 Completion of Reads and Writes

On the completion of a read or a write at the database (seed-krb and c), the
database proxy receives the response and forwards it balok sTheduler.



The scheduler returns the response to the application rsiérihgs is the first re-
sponse it received for a write query or it is the response ®ea query. The scheduler
keeps track of the state of outstanding writes and updatdstiérnal data structures
when one of the database engines sends back a reply.

4.5 Early Version Releases

The scheduler uses the last-use annotation to send aniexplsionrelease message
that increments the specified table’s version at each dsg¢aba

4.6 Commit/Abort

The scheduler tags the commit/abort with the tables acdaashe transaction, their
version numbers and a corresponding vergielease flag, and forwards the commit/abort
to all replicas (see Figure 5-d). The transaction’s comiities a versiomelease flag
only for the tables where early version releases have neadirbeen performed. Single-
update transactions carry an implicit commit (and versielease).

Upon completion at a database, the corresponding datalbasg ipcrements the
version number of all tables for which a versicglease flag was included in the mes-
sage from the scheduler. It returns the answer to the scheduhich updates its state
to reflect the reply. If this is the first reply, the schedulenfards the response to the
application server.

4.7 1-Copy-Serializability

The algorithm achieves 1-copy-serializability by forcingnsactions that have conflict-
ing operations on a particular table to execute in the tai@oof the version numbers
assigned to them.

A transaction containing a write on a table conflicts withmkvious transactions
that access the same table. Therefore, it needs to exedatealifsuch transactions
with lower version numbers for that table. This is achievgdhe combination of the
assignment of version numbers and the rule that governsigmeof write queries at a
database replica, as seen by the following argument:

1. next-for-wite counts all the earlier transactions that access the sartee tab
This value is assigned as the version number for the tablihf®transaction.

2. The database proxy increments its version number eveny & transaction that
accesses that table completes.

3. Since the transaction is allowed to execute only whenatsign number for the
table equals the version number for that table at the daggirasy, it follows that
all previous transactions that have accessed that tab&eduwapleted.

A transaction containing a read on a table conflicts with e#vpus transactions
containing a write on the same table. It follows that it netedsxecute after the trans-
action containing a write on that table with the highest iersiumber lower than its
own. This is again achieved by the combination of the assairof version numbers
and the rule that governs execution of read queries at a as¢aeplica, as seen by the
following argument:

1. next - f or - r ead remembers the highest version number produced by a trans-
action with a write on this table. This value is assigned ® titansaction as the
version number for this table.



2. The current transaction is not allowed to execute at ebdaproxy before the ver-
sion number for that table at that database proxy reachésa@&t) the transaction’s
version number for this table.

3. Thealgorithm also allows a read query to execute at a datgroxy if the database
proxy’s version number for the table is higher than that af transaction. The
only way this can happen is as a result of a sequence of tramsaavith reads
on the table, and these can execute in parallel without titngjdhe total order on
conflicting operations.

In figure 7, using our earlier example, we now add the versionivers produced by
each transaction’s commit to those assigned by the sequéiciree reads assigned
version number 4 by the sequencer can also read versions 6 @red, versions pro-
duced by other concurrent readers). A write is required tib wrgil all previous readers
are done and the version at the database has been increntemetth its own (e.g.,
the write assigned version number 7).

operation WWTI Wr rr w
version assigned 0 1 2 34447
version produced 1 2 34567 8

Fig. 7. Sequencer-assigned version numbers for a series of ttiorsaand the version number
produced at the database proxy after each transaction asmmi

4.8 Load Balancing

We use theShortest Execution Length First (SELBad balancing algorithm [2]. We
measure off-line the execution time of each query on an idkehime. At run-time,
the scheduler estimates the load on a replica as the sum dhthdori measured)
execution times of all queries outstanding on that back-&hd scheduler updates the
load estimate for each replica with feedback provided bydatbase proxy in each
reply. SELF tries to take into account the widely varying@x#on times for different
query types. We have shown elsewhere [2] that SELF outpaganund-robin and
shortest-queue-first algorithms for dynamic content ayagilons.

4.9 Fault Tolerance and Data Availability

The scheduler and the Web server return the result of an epdguest to the user as
soon as a commit response from any database replica has dxmmved. The sched-
ulers then become responsible for coordinating the coriapletf the updates on the
other database back-ends, in the case of a scheduler, sequara back-end database
failure. To meet this goal, theompletion statuysand all the write queries of any up-
date transaction together with the transaction’s versiomimers, are maintained in a
fault-tolerant and highly-available manner at the schedulHigh data availability is
achieved by replicating the state among the schedulersitidddl fault tolerance is
provided by also logging this information to stable storaglee details of our avail-
ability and fault-tolerance protocol are similar to the srdescribed in our previous
paper [3], in which we also demonstrate that these aspectsrafolution do not incur
significant overhead in terms of computation, memory, ok discesses.



5 Loose Consistency Models

In the performance evaluation section of this paper, we @mgistributed versioning
to a number of replication methods that provide looser ciescy than 1-copy serial-
izability. These methods and their implementation areoifiticed next.

5.1 Definition

We describe the three consistency levels specified in Nepi2@], and the types of
dynamic content Web sites for which they are suitable. Wenh&rrextend these con-
sistency models with an additional model designed to inc@ie features from the
continuous consistency model spectrum [28].

Level 0. Write-anywhere replication. This is the basic lazy consistency scheme that
offers no ordering or consistency guarantees. Writes thateaout-of-order are not
reconciled later. This scheme is only applicable to simplwises with append-only,
commutative or total-updates such as an e-mail service.

Level 1. Ordered writes. Writes are totally ordered at all replicas, but reads caessc
inconsistent data without any staleness bounds. This slieapplicable to services
which allow partial updates, and where reads can accessataiconsistent data such
as discussion groups.

Level 2. Ordered writes and staleness control for readsWrites are totally ordered
at all replicas, and reads satisfy the following two creri

— Each read is serviced by a replica which is at moseconds stale, whereis a
given staleness bound.

— Eachread of a particular client perceives all previousegrjterformed by the same
client in the correct order.

This consistency model is suitable for sites that need ggpoonsistency requirements
such as auction sites. For example, a client needs to perbiprevious bids in their
correct order and should be guaranteed to see a sufficieaint maximum bid.

Special. Per interaction or per object consistencyThis model is application-specific.
For each interaction or for each object a consistency madééfined. This approach
can be applied to Web sites which have in general strong stemgly needs, but where
relaxations can be made on a case by case basis, for spetfidiions or objects.

5.2 Implementation of Loose Consistency Methods

For Levels 0, 1 and 2, we remove any transaction delimitedsodimer annotations from
the application code. The scheduler and database proxyadiied as follows.

For Level 0, we remove any checks pertaining to in-ordeneeji of writes at the
database proxy. The database proxy still implements condgolution, but all writes
are handled in the order of their arrival, which may be défarat different replicas.
No version numbers are used. The scheduler load balancés aeaong all database
replicas.

Toimplement Level 1, the scheduler obtains version numioeesach write, and the
database proxies deliver the writes in version number ¢edein distributed versioning.



No version numbers are assigned to reads. The scheduldvédaaces reads among all
database replicas.

In addition to the functionality implemented for Level 0 atdfor Level 2 the
scheduler augments its data structures with a wall-claolestamp for each database
replica and for each table. The appropriate timestamp sv&y time a database replica
acknowledges execution of a write on a table. The schedoder balances reads only
among the database machines that satisfy the stalenesd fuyueall tables accessed
in the query, and, in addition, have finished all writes paitey to the same client
connection. A 30-second staleness bound is used for alicapiphs. As in the original
scheme described in Neptune, the staleness bound is lodse sense that network
time between the scheduler and the database proxy is nat tiaticeaccount.

The implementation of Special consistency models is apfiin-specific, and its
implementation is deferred to Section 6 where we discusbcgion benchmarks.

6 Benchmarks

We provide the basic characteristics of the benchmarks instinils study. More detalil
can be found in an earlier paper [1].

6.1 TPC-W

The TPC-W benchmark from the Transaction Processing Cb(ireC) [26] is a trans-
actional Web benchmark designed to evaluate e-commertensysSeveral interac-
tions are used to simulate the activity of a bookstore.

The database contains eight tables; the most frequenttyarseordedine, orders
and creditinfo, which give information about the orders placed, aranitand author,
which contain information about the books.

We implement the 14 different interactions specified in tR€TW benchmark spec-
ification. Of the 14 interactions, 6 are read-only, while 8isathe database to be up-
dated. The read-only interactions include access to thestmage, listing of new prod-
ucts and best-sellers, requests for product detail, orgglay, and two interactions
involving searches. Update transactions include usestragion, updates of the shop-
ping cart, two order-placement transactions, two invajvanrder display, and two for
administrative tasks.

The database size is determined by the number of items imtlemtory and the
size of the customer population. We use 100K items and 21®mitustomers, which
results in a database of about 4 GB. The inventory imagedingtl.8 GB, are resident
on the Web server.

TPC-W uses three different workload mixes, differing in théo of read-only to
read-write interactions. The browsing mix contains 95%drealy interactions, the
shopping mix 80%, and the ordering mix 50%.

For TPC-W we implement a Special consistency model. Thisghfallows the
specification of TPC-W, which allows for some departuresfid.-copy) serializabil-
ity. In more detail, the specification requires that all uggdateractions respect serial-
izability. Read-only interactions on the retail inventgrg., best-sellers, new products,
searches and product detail interactions) are allowedttonralata that is at most 30
seconds old. Read-only interactions related to a particuistomer (i.e., home and or-
der display interactions) are required to return up-tcedtita. Even if allowed to read
stale data, all queries need to respect the atomicity of pliate transactions that they
conflict with. We add a number of ad-hoc rules to the schedalenplement this Spe-
cial consistency model.



6.2 Auction Site Benchmark

Our auction site benchmark, modeled after eBay [10], imjglet®ithe core functionality
of an auction site: selling, browsing and bidding.

The database contains seven tables: users, items, bidsiobyycomments, cate-
gories and regions. The users and items tables contaimiafitzn about the users, and
items on sale, respectively. Every bid is stored in the baddet which includes the
seller, the bid, and a maid value. Items that are directly bought without any auttio
are stored in a separate hngw table. To speed up displaying the bid history when
browsing an item, some information about the bids such asidweémum bid and the
current number of bids is kept with the relevant item in tlegris table.

Our auction site defines 26 interactions where the main oreesbeowsing items
by category or region, bidding, buying or selling items,vieg comments on other
users and consulting one’s own user page (known as myEbagay) eBrowsing items
includes consulting the bid history and the seller’s infation.

We size our system according to some observations foundeerBay Web site.
We have about 33,000 items for sale, distributed among 4fjoaes and 62 regions,
and an average of 10 bids per item. There is an average of $@bidtem, or 330,000
entries in the bids table. The total size of the databasel{SB.

We use a workload mix that includes 15% read-write intecarsti This mix is the
most representative of an auction site workload accordingnt earlier study of eBay
workloads mentioned in [22].

Although it has been argued that an auction site can be stgzpby a Level 2
consistency model, as described in Section 5, program noatidns are necessary to
ensure correct outcome of the auction site with Level 2 gtescy. The problem is that
the code in several places relies on atomic sequences, \ahgcho longer available
in the absence of transactions. For instance, suppose wetdase a transaction for
placing a bid. In the transaction for placing a bid, the maximbid is first read from
the item table and then updated if the input bid is acceptdtigher). If reading and
updating the maximum bid for an item are not done in a critgegition, then if two
clients submit bids concurrently, they can both read theesaraximum bid value for
that item. Assuming that both bids are higher, both will beegated, and the maximum
bid stored in the items table for that item could be wrong.(étg lower one of the new
bids). Thus, additional code is necessary to verify theamimess of the maximum bid.

6.3 Bulletin Board

Our bulletin board benchmark is modeled after an online rfewsn like Slashdot [23].
In particular, as in Slashcode, we support discussion tisref discussion thread is a
logical tree, containing a story at its root, and a numberarhments for that story,
which may be nested.

The main tables in the database are the users, stories, ausyraad submissions
tables. Stories and comments are maintained in separatamald tables. In the new
stories table we keep the most recent stories with a cutfafhe month. We keep old
stories for a period of three years. The new and old commabtsg correspond to the
new and old stories respectively. The majority of the broygsiequests are expected
to access the new stories and comments tables, which are smadrer and therefore
much more efficiently accessible. Each story submissioniiigily placed in the sub-
missions table, unless submitted by a moderator.

We have defined ten Web interactions. The main ones are: @fertiie stories of
the day, browse new stories, older stories, or stories tggoay, show a particular story
with different options on filtering comments, search for\weyds in story titles, com-
ments and user names, submit a story, add a comment, and/ swbenitted stories and
rate comments. None of the interactions contain transastibor instance, stories are



first inserted into the submission table, later moderatesh tnserted in their respective
tables but not as a part of a multi-query atomic transactdthough each individual
update is durable.

We generate the story and comment bodies with words fromengiictionary and
lengths between 1KB and 8KB. Short stories and comments ach imore common,
so we use a Zipf-like distribution for story length [8]. Thatdbase contains 3 years of
stories and comments with an average of 15 to 25 stories pardhbetween 20 and 50
comments per story. We emulate 500 K total users, out of whi® have moderator
access privilege. The database size using these paranseiéMB.

We use a workload mix which contains 15% story and commenngsgions and
moderation interactions. This mix corresponds to the marmnposting activity of an
active newsgroup, as observed by browsing the Interneyfical breakdowns of URL
requests in bulletin board sites [1].

Among the loose consistency models discussed in Sectidre$drmal semantics
of bulletin boards can be supported by the Level 1 consigteradel.

6.4 Client Emulation

We implement a client-browser emulator. A client sessicm $&quence of interactions
for the same client. For each client session, the client atoubpens a persistent HTTP
connection to the Web server and closes it at the end of tiseose&ach emulated client
waits for a certain think time before initiating the nextaérdction. The next interaction
is determined by a state transition matrix that specifieptiobability to go from one
interaction to another. The session time and think time amerpted from a random
distribution with a specified mean.

7 Experimental Environment and Methodology

We study the performance of distributed versioning and camaphem to loose con-
sistency models, using measurement for a small number abdae replicas and using
simulation for larger degrees of replication. We first désethe hardware and software
used for the prototype implementation. Next, we descrilkestmulation methodology.

7.1 Hardware

We use the same hardware for all machines running the endutdient, schedulers and
Web servers, and database engines (or corresponding sima)ld&ach one of them has
an AMD Athlon 800Mhz processor running FreeBSD 4.1.1, 2568BRAM, and a
30GB ATA-66 disk drive. They are all connected through 10QdEthernet LAN.

7.2 Software

We use three popular open source software packages: thehdpseb server [5], the
PHP Web-scripting/application development language, [a88 the MySQL database
server [16]. Since PHP is implemented as an Apache modwéMib server and ap-
plication server co-exist on the same machine(s).

We use Apache v.1.3.22 [5] for our Web server, configured with PHP v.4.0.1
module [18] providing server-side scripting for genergtilynamic content. We use
MySQL v.4.0.1 [16] with InnoDB transactional extensionas database server.



7.3 Simulation Methodology

To study the scaling of our distributed versioning techeigjan a large number of repli-
cas, we use two configurable cluster simulators: one for tled/dpplication server
front-ends and the other for the database back-ends. Wénese tront-end and back-
end simulators to drive actual execution of the scheduledslae database proxies.

Each simulator models a powerful server of the given typelffeplication server
or database) equivalent to running a much larger numbesb$ezvers. The Web/application
server simulator takes each HTTP request generated byitre eimulator and sends
the corresponding queries with dummy arguments to one adthedulers.

The database simulator maintains a separate queue for enalated database
replica. Whenever the simulator receives a query destinea fparticular replica, a
record is placed on that replica’s queue. The record cosithi@ predicted termination
time for that query. The termination time is predicted by iadda cost estimate for
the query to the current simulation time. The same methodsf estimation is used
as described earlier for load balancing (see Section 4[&)s& estimates are relatively
accurate, because for the applications we consider, th@tasjuery is primarily deter-
mined by the type of the query, and largely independent @amsiments. The database
simulator polls the queues and sends responses when thiatgthtime reaches the
termination time for each query. The database simulatos do¢ model disk accesses,
because profiling of real runs indicates that disk accessesv@rlapped with compu-
tation. This overlap is partly due to the locality in the dpgtion, resulting in few disk
accesses for reads, and partly due to the lazy commit stylsrites.

8 Results

First, we present a performance comparison of distributadioning with a conserva-
tive 2PL algorithm. Next, we compare the performance ofritisted versioning with
various loose consistency models.

All results are obtained using a cluster with two schedu{ffasdata availability).
For each experiment, we drive the server with increasing lmemn of clients (and a
sufficient number of Web/application servers) until penfi@ance peaks. We report the
throughput at that peak.

The simulators were calibrated using data from measureswenthe prototype im-
plementation. The simulated throughput numbers are witRi¥t of the experimental
numbers for all workloads.

8.1 Comparison of Distributed Versioning and Conservative2PL

Figures 8 through 10 compare distributed versioning to epradive 2PL for the TPC-
W shopping mix, the TPC-W ordering mix, and the auction s#epectively. We omit
the results for the TPC-W browsing and bulletin board woakls because there is no
performance difference between distributed versionindj@nservative 2PL. The ex-
planation is that these workloads have low conflict rateesehand all further graphs
have in the x axis the number of database engines, and in thésthee throughput
in (client) Web interactions per second. The graphs alsasiam protocols that only
use a subset of the features of distributed versionihwgrsion - EarlyRelses ver-
sion numbers to selectively wait for the right version oflést) but it does not produce
a new version of the tables until commit. Vice ver§a/ersion - LateAcgvaits for
the correct versions of all tables at the beginning of thegaation, but produces new
versions immediately after the transaction’s last use ofriqular table. The results
clearly confirm the discussion in Section 3.6. With increbsenflict rates, distributed
versioning produces superior throughput compared to cuatiee 2PL. Both features
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of distributed versioning, selective waiting for table siens and early production of
new versions, are essential. Without either one of themrawgment over conservative
2PL is minimal.

8.2 Comparison of Distributed Versioning and Loose Consigincy Methods

In this section, we investigate the overhead of consistemaintenance for maintain-
ing serializability in distributed versioning. For this ipose, we compare our protocol
with all other protocols for all levels of consistency inding specialized, and looser
than required for each of the three applications. This adlos to detect the overhead
of various parts of our solution. For example, we can deteetaverhead of in-order
delivery for writes or the success of our conflict avoidanee eeduction techniques by
comparison to the upper bound obtained by assuming that thesheads (for ordering
writes or resolving read-write conflicts) do not exist.

Figures 11 through 15 show a comparison of the throughpwtdesi distributed
versioning protocol (DVersion) and various lazy replicatimethods. As a baseline,
we also include the Eager protocol. These figures allow usragv dhe following
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conclusions. First, for all applications, the differenbegween Levels 0, 1, and 2 are
negligible. Second, for the workloads with low conflict mfee., TPC-W browsing and
bulletin board), there is no difference between any of tléguols. Third, as the conflict
rate increases, there is a growing difference between kévdl, and 2, on one hand, and
DVersion on the other. For the largest simulated configarathese differences are 5%,
25% and 50%, for the TPC-W shopping mix, the auction site ,taadPC-W ordering
mix, respectively. Fourth, the differences between thecBpeonsistency model and
DVersion are small for all workloads of TPC-W. Finally, fdret bulletin board, which
has no transactional requirements, the overhead of enfptticopy-serializability is
minimal.

In a cluster, messages usually arrive in the order that thegent, and the delay in
message delivery is low. Furthermore, interactions betwvibe client and the database
are such that at least one database replica must have ceohphet previous request
before the next one is issued. A conflict-aware schedulectirthis next request pre-
cisely to that replica. These observations explain the lsdiférences in performance
between Levels 0, 1 and 2 for all applications, and betweearfldh and Special for
TPC-W. Loose consistency models show a benefit, instead) whesactional atomic-
ity is removed, and hence the cost of waiting for read-wrdaflicts is alleviated. As
the number of such conflicts increases, the benefit of loossisi@ncy models grows.
Among our applications, this is the case for the TPC-W shagpiix, the auction site,
and the TPC-W ordering mix. These results should be viewél the caveat that, as
explained in Section 6, these looser consistency model®tdoy themselves, provide
the right semantics for these applications. Additionabgpaonming effort is required to
achieve the right semantics, possibly entailing addiieracution time overhead.

9 Related Work

Concurrency control protocols based on multiple versiamsetbeen discussed [7] and
implemented in real systems [19] to increase concurrendiewhaintaining serializ-
ability in stand-alone database systems. More recentligjratsion ordering [6, 12, 20,
21] has been used and optimized for distributed databasensgsas well. Most of these
systems use transaction aborts to resolve serializatioongistencies. Some systems
targeted at advanced database applications such as corajuled design and collabo-
rative software development environments [6] use preatdedlwrite-sets to determine
if a schedule conflicting at the object level can be seridlizbus avoiding transaction
aborts.

Such systems maintain a history of old versions at eachlaliséd location and need
a special scheme for reducing version space consumptiomeasibn access time [9],
or limiting the number of versions stored [12]. Furthermafeeplication is used at
all in these distributed systems, the goal is to increasetadability of a particular
version [20]. In contrast, in our versioning concurrencyitol algorithm we do not
maintain old copies of items, all modifications are made acpl The goal of our extra-
database algorithm is to allow us to choose the correct meramong the different
versions of a table which occur naturally due to asynchremeplication. On the other
hand, multiversion systems have the advantage that theigxeof read-only transac-
tions can be made more efficient by completely decouplinig @xecution from update
transactions [12, 20].

Optimistic replication of data [25] has been used in dis@med mobile devices
allowing such devices to perform local updates. In this caséiple versions of the
same item can arise with the need of serializing potent@lyflicting updates by dis-
connected clients on all replicas.

Eager replication based on group communication has begropea [24,27], and
optimized [14, 15, 17], to tackle the same problem: prowgdiarializability and scaling



at the same time. Their approach is implemented inside ttadae layer. Each replica
functions independently. During the transaction exeeytibe local database acquires
the proper locks for the read and write accesses on its owinimacperforms the op-
erations, then sends the other replicas the write-setaigfrgroup communication.
Conflicts are solved by each replica locally. This implies tleed to abort transactions
when a write-set coming in conflicts with the local transactiApproaches that elim-
inate the need for transaction aborts exist [24, 14], buy #ither imply relaxing the
serializability requirement [14], or introducing an ackviedgment coordination phase
between all replicas, at the end of the transaction [24] s€lepproaches differ from
ours in that databases are considered independent (erijpudisd on a wide area net-
work), where clients have little choice other than exeaytiansactions locally. In our
work, the state of the database replicas, the consisteney between them, and the
data that the user sees are all controlled by the schedul@/ésuse an extra-database
approach where no database modifications are necessary.

Recent work [22, 28] avoids paying the price of serializéypfior applications that
don’t need it by providing specialized loose consistencylai®. Neptune [22] adopts a
primary-copy approach to providing consistency in a pariid service cluster. How-
ever, their scalability study is limited to Web applicatsomith loose consistency where
scaling is easier to achieve. They do not address e-commeandgoads or other Web
applications with relatively strong consistency requiests.

10 Conclusions

The conventional wisdom has been that in replicated datgbaise could have either
1-copy serializability or scalability, but not both. As atét, looser consistency models
have been developed that allow better scalability. In thiggn we have demonstrated
that for clusters of databases that serve as the back-enthahdc content Web sites,
1-copy serializability and scalability can go hand-in-tafihis allows for uniform han-
dling of applications and for the use of familiar programmabstractions, such as the
use of transactions.

In order to achieve these results, we use a novel technigilledaistributed ver-
sioning. This technique combines a new concurrency coatgarithm based on ex-
plicit versions and conflict-aware scheduling to achievaauility. We have demon-
strated that distributed versioning provides much bet&gfqgmance than earlier tech-
niques for providing 1-copy serializability, includingger protocols, and our own ear-
lier work based on conservative two-phase locking. Furtteee, we have compared
distributed versioning to various replication methods ethonly provide loose con-
sistency guarantees. We find that for all our applicatioregpt those with very high
conflict rates, the performance of distributed versioniqgas or approaches that of
looser consistency models.
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