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Abstract: Diff erent isolation levels are requred to esure various degees of data cosistercy ard currercy to
readonly transactians. Currert definitions of isdation levels like Conflict Serializalility, Update Serializabity
or Extermal Consistercy/Updae Consistency are rot appropiate for procesing readenly transactions since hey
lackany curercy guarantees To correctthe probem we propos four new isolation levels that incorporaé daa
corsistency and currercy guarartees Further, we preent efficient implemertations of the proposd solaton
levels. Our corcurrercy control proiocols areervisaged to be wsed n a hybrid mobile dat delivery environment
in which broadcast push technology is utilized to disseminate dbtabase djects toa large rumber d mobile
clients ard corventional point-to-point technology is appled to satisfy on-demand requeds. The paper ab
presrts the resits of a simulation study corducted to evaluate the perbrmance d our protocols. The resilts
show that the casts d providing serializalility to readonly trarsactios relative to other protocols that provide
weaker corsistercy guaranteesare noderate ifreadenly trarsactionsare reqired to observe the ypdatesof

trarsactions that canmitted &ter their garting points aslong asthe srializability requremert is not violated.

1 Introd uction and M otivation

Consider applicatios (such as road trafic information services orline aictions, stock marlet tickers, etc.) ttat
may employ broadcast techndogy to deliver data to a hugenumber of clients. The majority of those that need
trarsactional guaranteesinitiate readonly trarsactions. Running such readonly trarsactons efficiently despte
the various limitations of a mobile broadcating environment is a challenging researchtopic addresed in this
paper. Hw transcion procesng can be iinplemented ard how dak consstency ard currercy can be
guaranteed, § constrained by the limited canmunicaion barmwidth. Todays retwork technology, such as
celluar o satellite mtworks, offers a clie-to-sewver bandwidth restrictedto 2 — 57.6 Kbps. Fartunately, the
serverto-client bardwidth is often much higher ard thus makes the broadcasng paradgm an atracive choice
for data deliery ard ensues (asstown further in this paper) tlt trarsaction procesing algorithms can be

implemented dficiently.

As noted aboe, readenly transactions are eyected to re@=ert the vast majority of transactiors exeauted ina
mobile broadcating environment and hence we shed some ligh on thistype d transacions. Irregective of the
environment (central or digributed, wireless or gationary) where readnly transctionsare procesed, they have
the potetial of being managed more eficiertly than their read-wite counterparts egecially if special
concurrercy control (CC) protocols are aplied. Multi-version CC schemes [MW82, Wei87, MPL92] gppear to
be anideal cadidate br read-only transction procesing in broadcating environments since ey allow read-
only transactias to exectte without ary interfererce with concurrert readwrite trarsadions. If multiple object

versions are kept in the database read-only transections @n read older object versions and thus never need to



wait for a readwrite trarsadion to finish or to abort for conflict resdution. As with readwrite transactions, read
only transactions may be executed with various degrees of consistency. Choosing lower levels of consistency
rather than serializability for transactionmanagement is attractive for two reasns. First, the %t of correctmulti-
version hetories that can be prodeced by a scheduler can be increagd and hence hgher performance
(transaction throughput) can be achieved. Further, weaker consistency levels may alow read-only transections b
read more recent object versions. Thus, weaker consstency levels trade consistency for transactiond

performance and dat curercy.

While readng currert data is necessay for readwrite trarsactions to maintain database casistency during
updates such reqirements are rot needed ér readenly transactions to be sheduled in aserializableway. That
is, readonly transactions can be executed with serializallity guaranteeswhile at he sane time observing out-
of-date databassnapsots Readenly transactions can tlerefore be alleved to ecify various levels of data
currercy requremerts. In order b provide relable guararteesfor the béhavior of the datba® system, we need
well-defined isolation levels (ILs) suitable for readonly transactios that guaraniee oth data cansistercy and
curercy. The ANSI/ISO SQL-92 gecificaions [ANSI92] define four ILs, namely Real Uncommitted Read
Committed Repeadble Read ard Serializability. Those levels do rot incorporate anycurercy guararees,
though ard thus are usuitable for managing readenly transactons in distributed mnobile dasbase

environments.

Theay ard practice fave noted the inadequacy and imprecise dfinition of the SQ ILs [BBG+95], sane
redefnitions have been propsed in [ALOOQ]. Additionally, various new ILs were proposd that lie betveen the
ReadCommitted ard Serializahlity levels. The rew intermedate ILs have beendesigned for the reeds d read
write transactians and only three d them explicitly state he rotion of logical time. The lewel, called Snapbot
Isolation (S), was propogd by [BBG+95] that ersues daa curercy to both readenly ard read-wite
tramsactions asthey must read fom a data sapsot that exiged bythe time the trangction sarted. Oracls'Read
Congstency (RC) level [Ora99] provides stronger curercy guarantees than Snapdot Isolation since it
guaranteesthat eat SQL statement in atransction T seesat leas the databas state & it existed by the time T;
issued itsfirst read operatianFor sibsequent read operatiaiSQL statemerts RC engures that they observe the
databas date that is at lea&t asrecen asthe siapdot sen by the prevous read opeation/SQL statement.
Findly, [Ady99] defines an IL named Forward Condstent View (FCV) that exterds Sl as it allavs a readonly
(readwrite) transaction T; (T;) to read ofect \ersions creaed byread-wite transactons after Ty's (T;'s) strting
point, aslong asthose readsare corsistert in the sense tat T; (T;) sees th total effectsof all update trarsactios

it write-reador (write-write) depends m.

The aboe-nmentioned levels are rot ideally suitable for procesing readonly transactions for various reasns:
First, all d them areweaker cansistercy levels, i.e., readnrite trarsactions execued at ay of these |leels may
destroy the cansistency of the database sirce rone of them requires the strictress d serialzahblity. Consequently,
readenly transacions may observe aninconsstent databae date, f they view the dfects of transactions that
have modified the database in an inconsistent manne. Inconsistent or bounded consistent reads may not be

accepade to same mobile applications ard thus non-serializalility levels that do not ersure ditabase



corsistercy to such transctions are nappropriate. Aother problemarises from the fact that mobile databas
applicatiors may need \arious data curercy guarariees deperling on the type ofapplicaton ard the actial user
requrements The ILs mentioned aboe provde ory a limited variety of data curercy guarariees to readenly
trarsactions. All levels ensure that readonly trarsadions read from a database state tht exsted at a time not
later than the trarsactian's garting point. Such firm currency guaranteesmay be too restictive for some mobile
amlications. Hence, tere isa reed for new definitions of existing ILs in order to incorporate curercy
guarantees Moreower, we need to deifne new ILs that meet tle specific requirements of (mobile) readenly

trarsactins.

This paper's cantributions are as éllows. First, we define four new ILs that provide wseful consistency and
curercy guararniees to mobile readonly transactions. In contrast to the SQL ILs, our definitions are
implementationindepemlert ard therefore openfor all corcurrercy cortrol mechanisms propoed ® far.
Secoml, we have desgned a site of multi-version corcurrercy control algrithms that eficiently implement the
proposed ILs. Finally, we preent performance resits of our proiocols ard conpare hem. To our knowledge,
this is the first simulation study that validates he performance d concurrercy control protocols providing
various levels of consistency and curercy to readonly trarsadions in a mobile hybrid data ddivery

environment.

The renainder ofthe papers organized as dllows. In Section 2, we introduce ®me notations and terminology
that is recessay for the formal definition of new ILs. In Section 3, we define new ILs esgcially suitable for
mobile read-only transactions by combining hboth data consistency and currency guarantees. Implementation
issuesare dscussed in Secion 4. Secion 5 repors on the smulation study and perbrmance tadeofs. Related
work is degribed h Secion 6. Secion 7 contains the corclusions of our work ard highlights some direciion of

our future regarchactvities

2 Preliminaries

A transactian T; is a ®querce ofoperatios OR = (op;, 0Py, ..., Pin) Where eacltdata opeation op; on object X
is either a reacbr a wite operation, denoted r[x,, V] ard w;[xy, v], regpectively, where vrepreerts the read or
written value d object X, and the subscript k pecifiesa non-decreaisg object version nunber. Read ad write
operatons on common dat grarules are paiilly ordered acording to <; and eachtrarsactionT; is associated
with three trasaction management operations: begin b, and commit ¢;, or aborta, i.e., eachtransction either
commits or alborts. The set & such primitives execued by T, are dented by P. All transactional operations are
recordd in a history H in the (reattime) order n which they are perbrmed. For performance rea®ns multiple
trarsactions may be exeauted coreurrertly, i.e., operatios of different transctionscanbe interleaved inH. We
assime that all data items initially stored in the database tave beenproduced by aninitialization trarsactian Ty
ard are called zeroevsions. Stbseqlent transactions that modify a zero ersion of a data iten create a aw
version and assign their unique trarsactian idertifier to it. Finally, we define the notion of a multi -version history

by extending the cefinition of a sirgle-verdon histary as foll ows:



Definition 1: (Single-version history): A single-version history SVH of a sd of transactions T={ T, Ty, ..., T1} iS
a partal orde ( 1,<syn) Of everts such that

1. 1= iz2.nOR k=t..n P

2. <sw =i

3. if p, g aredata peraticns in SVH ard at least oe d them is awrite geration, p <syy q Or

g <swu P.

Definition 2: (Multi-version history): A multi-verdgon history MVH of a st of transctions T={T o, Ty, ..., Ty} iS
a single-version history SVH with a version fundion V that maps each read operation r; to some object version
written by a write action w; that precedeshe read opetion accordiy to <yy. Additionally, a version ordey
denoted <<, is assoiatedwith eachcommitted objectin MVH represelting a tdal order among the versions of

eachobject.

For rotatioral converience, we assume that the version order ofan object X in a multi-version history MVH
equals the ader in which write operations of X occur in MVH, i.e., wherever awrite operation w;[x;, V]
immediately precedes write operatiorw[x, v] in MVH, then x << x,. To rea®n asto whether amulti-verson
histary MVH satisfies some criteria as @fined by an IL, we may needto consider a sbhistory of MVH. The

projection P of a multi-version histary MV H with respect toa sirgle trarsactian is given below:

Definition 3: (Trarmsactional Projection): Let top {r, w, a, c, b} derote atransctioral operationthat is either a
data gperation or a trarsaction management operation. A transactianal projection of a multi-version history
MVH onto T,, deroted P(MVH, T)), is a sbhistory MVH' containing trarsactional operatians top(MVH'):=
top(T), i.e, MVH" includesonly the operatiosissued byT,.

It is importart to note that the projection preseres the relative ader of the aiginal operations. To validate tle
correctress of multi-vergon historieswith regect to anlL defined in Sectio 3, we needto formalize posible

direct aml indirect data depeaterciesbetveentransactons:

Definition 4: (Direct Wite-Read Depedercy): A directwriteread depettercy betveen T; ard T; exsts if there
is awrite operation w; which precedes readoperationr; in amulti-verson history MVH accordig to <y ard

T; accesses éhavject \ersion written by T;. In whatfollows, we repregrt such a depedencgy by wr.

Definition 5: (DirectWrite-Write Degendercy): A trarsacton T; directly write-write depends an a trarsaction T,
if there exsts awrite operation w; which precedeswrite operatiorw; in amulti-vergon history MVH accordirg
to <uvn ard w; produces he swccesso object \ersion of some object wersion written by w;. We denote write-

write depewlerciesby ww.

Definition 6: (Direct ReadWrite Depewercy): A direct read-wite depederncy occus betveen two transactions

T; ard T; if there isa readoperationr; ard a wite operation w; in a multi-verson history MVH in the order r



<wvn W; ard w; installs the succesor object \ersion of some olject \ersion read ly r. Read-wite depenercies

are deoted by rw.

If the type of depedercy betveen two digtinct transactions doesnot matter, we say that they are n an arbitray
depenlercy:

Definition 7: (Arbitrary Direct Depemlercy): Two trarsactions T; and T, are inanarbitrarydirect depedercy in

MVH, if there exsts a direct read-wite, write-write orwrite-read depedercy betveenT; ard T;.

Definition 8: (Arbitrary Indirect Depedercy): A transaction T; arbitraryindirectly depewnls on a transction T,
in amulti-verdon history MVH, if there eists a squence [Ty T Tw... T Ti(n 1)]in MVH where

derotesanarbitrary direct depedercy betveen two transcions.

3 New isolation levels suitable for Read-only Transactions

3.1  Why Seridizability may be insufficient

Serializalility is the stardard criterion for trarsaction processig in both statonary and mobile computing. Its
importance am popuarity is related to the fact that it prevents read-wite transacions from violating datbas
consistercy by assuring that they always transform the database fom one casistent state irto another. With
respect toread-only trarsactions, serializallity as @fined in [BHG87] guarartees tlat all readonly trarsadions
perceive the sane serial ader of readwrite trarsactions. Additionally, serializalility requires that readonly
trarsactions serialize with ead other. While such strict requirements may be too resictive ard codly for most

readenly transactions, some of them, however, may requre such guaranees.

Example 1: To illustrate tle importance d serializalility for readonly transactios consider a fight scheduling

system with the following (non-serial) nono-versian histary:

Hy: bg Wo[Xo, 2:40pm] by ry[zo, cloudy] wq[yo, 2.50pm] ¢y Wy[z4, blizzard]c, b, r)[z;, blizzard] s[xo, 2:40pn bs
r3[Xo, 2:40pn] Wo[X5, 250pm ¢, by rifyo, 2:50pn] bs rs[z;, bizzard] &[yo, 2:50pn] ryX,, 250pM ¢,
wslys, 3:00pn cs ralys, 3:00pm] c;

In history Hy, trarsadion Ty is a Bind write trarsaction that initializesthe flight stats (take-off times) o flights
X and Y regpectively ard T, is anewent-driven transaction initiated automatically by the airport weater statian
since he weaher monitoring system indicatesan imminent weaher change. Due to the weatter forecas the Air
Traffic Control Center instantly delays both scheduled flights by 10 minutes. At the same time, two employees
of the ground per®nrel equpped with PDAs query the arport flight scheduling system in regporse to
pasengers requeds to checkthe actial take-off times of flights X and Y. Snce boh T3 ard T, miss the effecss
of tranacions T, ard Ts, respecively (by readng old versons of objects X ard Y), the resiting order of

trarsacion execuion is non-seralizablke ard the resilts of the qieries may be confisng for the ground peronrel



ard egpecially for the pasengersif they compare tte resits of both queries The carespording serialization
graph (SG) for history H; is shown in Figure 1.

Figure 1: Serialization Graph of H;

To awid that readenly trarsactiors obsrve a siapsot incorsistert databas state, tley have to be execued
with serializalility guarantees However, asnoted before, the serializabity criterion asdefined in [BHGS87] is

not suficient for preverting read-only trarsadions from experiencing anomalies relatedo data curercy.

Example 2: An example illustrating this pitfall is shown by the (ron-serial hut serializale) multi-version histary
below:

Hz: bo Wolxo, 2:40pm] by 11[zo, cloudy] walyo, 2:50pm] ¢ wi[z, blizzard]e, b, ro[zy, blizzard] g[xo, 2:40pn
Wo[Xa, 250pn] C; bz rs[Xq, 2:40pn] by ra[X2, 2:50pn] bs 152y, blizzard]rs[yo, 2:50pn] r3[yo, 2:50pn] cs
wslys, 3:00pn] cs rlys, 3:00pm] ¢,

History H, has beendightly modified canpared to H ard might be prodged f ou flight scheduling system
supportsmultiple object versions, which is rather a riie than anexceptian in mobile digributed databassystems
for reasms such as data availability, data caotertion reslution and data synchronization efficiency. As in
Exanple 1, two employess of the arport query the drport flight scheduling system to get the latest news on the
take-off times d flights X and Y. While one d the amployees (who invokes transacton T3) may locate tle
required data in his local cate, the aher may have to connect tothe central databasein order to satisfyhis data
reguremens. As a congquence, boh perons read fom different dagba® srapstots without serializablity
guarantees being violated, which can be eaBy verified by sketching the multi-version serialization graph
(MVSG) of H,.

T
wr
T, W, ww | ~ I,
wr\ 2 wr \wr
Le | 4

Figure 2: Multi- Version Seridization Gragh of H,

As the grevious example clealy ill ustrates, serializaliity by itself may not be a suficient requirement for

awiding pheromena rebted to reading from old datbas srapsots. This deificit is eliminated in the following



subsections.

3.1.1 BOT Serializability

Encouraged by Example 2 we now define two new ILs that canbine the strictress d serializahility with firm
data curercy guarariees. Unlike the ANSI definition of seializahility, our definition enswes dita curercy to
both read-wite ard readenly trarsaction. The exsting ANSI gecificaion of serializability and its redefnition
by [ALOOO] orly implicitly cortain dat curency requrements for read-wite trarsacions Readenly
trarsactions, however, are albwed to be ercued without any regrictions wrt. the timeliness of the ob&rved
data. W& will define our ILs in tems of histories We associate adirected gaph with ead newly defined

isolation level IL;. A multi-version history MV H providesliL; guaantees, if the corresponding graph is acyclic.

For gace resictions, we define only ILs that are egecially attractive for the mobile broadcaig environment
where clientsrequre to read p-to-date databasobjectsand are epected to be raly disconnectedfrom the
server. Bagd on ®me resarch dore m reaktime transactions [AGM88, HCL90], we divide dah currercy
requrementsinto three categoriedrarsactions with grong firm, and weak requrements. We say that a read-
only transaction T; has strong currercy requirements, if it needs to readdata that is &ill) up-to-date by its
commit time. Since all read operatiomof T; must bevalid at the end of the transaction’s exeaution, we also say
that T; runswith End of Transacion (EOT) dat curercy guarartees. Note that the EOT dat curercy propery
requres only that writes of committed read-wite transctions must not interfere with operatiors of readenly
trarsactions, i.e., dject pdates d uncommitted trarsactons are mt considered by the property. The firm
requrement on the oher hand, provdesdightly weaker aurrercy guarartees. It requiresthat any dat item read
by a readenly transaction T; must be atlead as recemn asby the time T; startedits exeaution. Like the strong data
curercy requiremert, the firm criterion is only concerred with objects irstalled by committed readonly
trarsacticns when checking its validity. The firm currercy requirement is attractve and practicalbe for the
procesing of readenly transctions in many environments (including the mobile broadcatng enmvironnment) ard
is therfore ued inthe defirtions of our ILs. In contras to IL s that ensure firm data cirrency, we do not expect
an IL with strong da& requremerts to perform well in a mobile distributed envronmen where obgcs are
updatd frequently ard transactions can be bngdived in nature. S5me dabas applicaions, however, may orly
regure weak data curercy guaranees Weakdata arrercy requrementscan be declared it leastwo ways. A
readenly transaction canrequire ob&rving a databasdate asit existed at a certaipoirt in time t before its
actud starting point. That is, all object versionsviewed by atransaction must have been up-to-date by the timet;.
A user calld al® requre to e a trasaction consistent gate of the databasthat existed atsome stage within the
time interval [i, j]. While all of the abrementioned degeesof data curercy are usful, we beliewe that the
majority of applicationgequre firm guaranteesThus we concertrate on tle extension of the known ILs by firm
data curercy requiremerts here. Rior to specifying anew IL that provides serializaliity along with firm data

currercy guaranees, we needto define same additional concepts.

Asdefined o far, amulti-version history MV H conssts of two canporents: a) a patiel order ofdaBbas everts
( 1) ard b) a tdal order of object versions (<<). Now, we exterd the definition of a multi-versian histary by

specifying for eachcommitted readsnly transaction a gart time order ttat relatests starting poirt to the canmit



time of prevoudy temminatedread-wite trangctions The association of a gart time orderwith a multi-version
histary was first introducedin the cantext of the definition of the Snapiot Isolation level [BBG+95] to provide
more flexibility for implementations of this degree. Accarding to the SI cancept, the database ystam is free to
choos a $arting poirt for a trarsaction aslong asthe selected garting poirt is some (logical) time before itsfirst
read opeation Allowing the ystem to clboe a trasactioris garting point without any regrictions is
inappropriate irgtuationswhere tle wser expectsto read fom a databasgate that existed at ®me time close to
the transaction's actial startng point. Thus, for applications/transactians to work correctly, the database system
needsto select a transaction’s starting point somehow in accordarce with the order ofeverts in a multi-vergon

history MVH. We now formally define the cortept ofgart time order.

Definition 9: (Start Time Order): A start tme order of a multi-version histary MVH over a set b committed
trarsactions T={T o, Ty, .., T} is a [@rtial order (S;, wmvn) Of everts such that

1. Sr= izanfci, bl

2. Ti T,bi wmwG;

3. IfT, T, T,theneiterh mwGorg wmwwbior(ti wmwuGamdly wmwn G);

4. Ifw, W MVH, Wi<<W, G wvn b, theng  wvu br

Statenent 1 says that the stat time order relates kgin ard commit operations of committed trarsactons in
MVH. Point 2 states that a traasactian’'s startirg point always prececs its conmit point. Condition 3 staes hat a
scheduler Shas three mssilili ties in ordering the start ad commit points o any committed trarsaction T; ard T;
in MVH. A scheduer S may choos T's darting point before T;'s conmit point or vice wersa or, i bot
trarsactions are cacurrer, neither garts is execuion after the aher trarsaction has canmitted. Condition 4
seys that if S clooses Ty's strting point after T;'s conmit point ard T; overwrites anobject irstalled by T; then
Ti's commit point must precede T's starting point in any start time order.

For notational convenience, in what follows, we do not specify a gart time order for all committed trarsactians
in a multi-version history MVH. Instead,we only associate with eatc MV H the dart ime order beteen read-

only and readwrite trarsadions.

Now we can define a data curercy property that is required for the definition of the BOT Serializalility IL.

Definition 10: (BOT Data Curercy): A transaction T, perceies BOT data curercy guararteesif for all read
operations nvoked by T; the fdlowing invariant holds:
1. if the pair wi[x] and r[x;] is in MVH, theng v by ard
2. if there isarother write operatiorw,[X,] of a conmitted tranactionT, in MVH, then either
a. ¢ wmvuhb, X << x; Or

b. bi MvH Gy

Note that we ignore trarsaction aborts in our definition of BOT Data Curercy since stbsequent definitions that
incorporate ths criterion only consider MVHs of committed trarsactons. On the basis of the BOT data curercy

property the srializability IL canbe exerded adollows.



Definition 11: (BOT Serializality): A multi-versian history MVH over a set d read-only ard readwrite
trarsactis is a BOT serializdle histary, if MVH i s serializable in the sense tat the projection of MVH onto all
committed trarsactins in MVH is equivalent to samne serial histoy MVHsgiq and the BOT data curercy

property is satsfied for all readonly transadions in MVH.

Unlike “pure” serializaltli ty, our definition of BOT Serializability placescorstraints onthe curercy of data read
by readonly trarsadions. Thus, BOT Serializaliity is drictly stronger than serializaility since he former
allows less corect histaries. We saythat anisolation level IL, is gtrictly stronger (weeker) thananisolation level
IL, if the set of correct lstories that can be prodeed byan IL; scheduler is snaller (larger) than the se of

correct listoriesof anlL, scheduler.

To determine if a given multi-version histary MVH satsfies the reqirements of the BOT Serializalility level,
we use a variation of the MVSG calledstarttime multi-version serialization graph (ST-MVSG). In this paper,
this point, we assime that the reaer is amiliar with the notion of MVSG ad for a dfinition we refer to
[WV01].

Definition 12: (Start Time Multi-Versian Serializaton Grgph): Let MVH denote a histary over a set bread
only ard read-wite transctions T={T,, .., T,} ard canmit(MVH) represens a furction that retuns the
committed trarsactions of MVH. A starttime multi-version serialzation graph for histary MVH, denoted ST-
MVSG(MVH), is a directed graptvith nodesN:= canmit(MVH) and edgs E such that

1. thereisanedgeT; T;(T; T)if T;abitrarydirecly depenlsonT;;

2. there isan edee T; T; (Ti  T,;) whenewver tere exsts a st of operatios {ri[x;], wi[x],

wi[xi]} such that eiherw; <<w,amd ¢, wmvw Biorh  www G.

Theorem 1: Let MVH be a multi-version histay over a set b committed trarsactions T={Ty, ..., T;}. Then
MVH is BOT serializale, if ST-MVSG(MVH) is agclic.

Proof: see Apperdix A.

3.1.2  Strict Forward BOT Serializability

The curercy requirements o BOT Serializalility may not be ideally suited for processimg readonly transactons
in mobile broadcasg envronments for at leas two reasns. First, mobile readenly trarsactionsare mostly
long running in nature dwe t such factorsasinteractive data $age, intentional or accidetal disonnectons,
ard/or high communicaion delays. Therebre, digllowing a lorg-lived readenly trarsaction to e obgd
versionsthat committed after its sarting point might be bo regrictive for some applicaions. Another reasn for
allowing “forward” reads is réatedto version management. Readng from a siapshot of the databese that exsted
at the time when a readenly trarsaction sarted itsexeaution can be eyensive in tems of sorage cats. If
database dojects ardrequently updated, which is a reaswable assmption for data-dissanination environments,

multiple previous object ersions have to be retairedin various parts d the catabase ystam. Allowing readonly



trarsactions to view more receh data than permitted by the BOT data curercy property is dficient, since it
erablesus to puge aut-of-date obgcts soorer thus allowing us to keep more receh objectsin the databas
system. An IL that providessuch currercy guaranteeswhile still enforcing degree 3consistency is calledStict
Forward BOT Srializability. Before cefining this IL, we formulate a rile that is sufficient and practicalle to
deternine whether a readenly transacton T, may be allaved to e tte (total) effectsof anupdate tragaction

that canmitted after itsstartirg point without violating seridizahility requirements.

Read Rule 1 (Serializable Brward Read3: Let T, derote a readenly trarsacion that needsto ob&rve the
effects d an update trarsadion T; that canmitted after Ti's sarting poirt as long asthe srializability
recuiremert holds. Further, let Ty sacreresen a set 6 readwrite transactians that canmitted after T/'s starting
point but before tre canmit point of T; ard whose dfectshave not beenseen by T, i.e., T Typgae(B  mvh
G G wmw G if wfx] occusin P(MVH, [b;, ¢]), thenthere isno ri[x,] in P(MVH, [b;, g])). T; is alloved to
read brward aml see he dfects of T; wherever the invariant ReadSet(MVH, T,)  WriteSet(MVH, (Tupdate

T))) = @ is tue for the subhistory MVH":=P(MVH, [b;, g]), i.e., te intersectim of the atual readset d T; ard
the write set ¢ all readwrite trarsactios that canmitted between T;'s starting point ard T;'s commit point

(including T; itself) must ke an empty set.

Note thatin ReadRule 1 the projection onto MVH with regard to the time interval [b;, G] refers to the start time
orderof trarsacionsin MVH ard is indepenlert of the (realtime) order ofthose ewerts in MVH. Further note
that in Read Rile 1 the readset ard the write st refer to data opectsard not to dedcated ersions of data
objects This will be the cag throughout the paper ifhot othewise Pecified. Inwhat follows, we derote the fact

that T; is permtted to read brward onthe obgctversions prodwed byTj, by T; T;.

An example illustrating how the invariants of ReadRule 1are aplied to decide whether a readonly trarsadion

T; cansafly observe the dfects o update trarsactians that committed after itsstarting point is as follows:
Example 3: Consider the foll owing prefix of amulti-version history:

Ha: by Wo[Xo] WolYo] Wo[Zo] Co b1 1Yol b2 ra[Xo] Wa[Z5] bs €, g 1a[Xo] ra[z5] Walys] €3 WalX4] C4

<C wmvH b>

In the suwbhistory Has, Ty blindly writes the objects X, Y, ad Z. After Ty's commit point, the readenly
transaction T, starts rmning and read the previoudly initializedvalue o Y. T, subseqiently observes the value
of X and produwcesa new version of Z, which is, in turn, read byTs. In the meantime, T, is darted ad accases
object X. Thereafer, T; creaésa rew version of object Y. Finaly, T, updates tte initialized value o X ard
commits. Now suyppog tramsacton T; wants to read olga Z ard theredter obpct X. If we assume that both
versions of objectsZ ard X are maintained in the databse by the time when T,’s read reqed arrives, the
scheduler has to decide which version of Z and X T, cansafely obserwe. If T, runs atthe BOT Serializalility IL
the sheduler’s decison is straightforward snce T, needsto acces the most recen object versions that exsted

by its starting point. In this case, T; would have to read e versionscreated i To. However, if the underlying IL
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requires that T; should see e ydates d transactions that canmitted after its BOT point as lag as he
serializalility criterion is not violated the scleduler has to check for every object T, intends to read whether
there exsts any committed obgct \ersion that was ingalled ater T,'s starting point and, if so, whether Read
Rule 1 issatisfied. With regard to dyjjects X ard Z, the reader careadly see from Hs that both objects were
updatd after T,'s BOT point. Herce, tte s<heduler has to verify for both recenly created ofect wersions
whether the invariants of Read Rue 1 hold. Object Zis reqiestedfirst and therefore the scheduler intersecs the
currert read st of T; (Readst(Hs', T,):={Y}) with the write set d all transadions that committed after T;'s BOT
point ard the commit point of T, that installed the latest version of Z (Writeset(H', (Tupgate T1)):={Z}). Since
the resilt of the intersectim is an empty set, thke scheduler allows T, to readthe nost up-to-date version of Z.
Now, this procedue is to be repeatedof object X. Here tk read st of T, corsists of two objecs
(Readst(H5', T4):={Y, Z}) and tke write st of transacions that canmitted betveen T,'s conmit point ard T,'s
stat point comprises two objects & well (Writeset(Hs', (Tupgae  T4)):={X, Y}) . At thistime, T, is rot allowed
to readforward onobject X since Read Rile 1 isviolated Therebre, tre trarsactionis forced toobserve the
objectversion of X that existed byits BOT point.

The following new IL incorporateghe srializableforward read prperty ard is defined asfollows:

Definition 13: Strict Forward BOT Serializallity. A multi-version histay MVH over a set 6 readonly and
readwrite trarsactions is a strict forward BOT serializalte histary, if all of the following conditions hold: MVH
is serializate, and if the pair r[x;] and wj[xj] of a readonly transction T ard a read-wite
trarsactian T; is in MVH, then either
a. b wwm G, WX] <mw nilxl, Ti ¢ T; ard there is o write operation wy[x,] of a
committed trarsacton T, in MVH such that X <<Xy, G <wvw Ni[X], Ti st T, OF
b. ¢ wmww b ard there is 0 write operation w,[x,] of a canmitted trarsadion T, in MVH

suchthatc, wmvn b, X << Xy

To checkwhether a gven history MVH is grict forward BOT serializable, ve use a \ariant of the MVSG.

Definition 14: (Strict Foward Read Muti-Version Serialzation Graph): A dtrict forward read malti-version
serializationgraphfor amulti-verson history MVH, deroted SFRMV SG(MVH), is a directed gaphwith nodes
N:= commit(MVH) and edgs E such that
1. thereisanedye T, T;(Ti T),Iif T, aitrarydirecly depenls onT;.
2. thereisanedge T, T;(T; T;), wherever there exsts a mair of operatios r;[x;] and w;[x;] of
a readenly transaction T; ard a read-wite transaction T; such thatw; <<w ard ¢, wvn b
3. thereisanedge T; T, (T, T;), wherever there exsts a fzir of operatios ri[x;] and w;[x;] of
a readenly transacton T; ard a read-wite trarsaction T; suchthatb,  mvu G, G[X] <mvn Ti[Xj],
T o« T,
4. thereisanedge T; T;(T; T;), wherever there exsts a peir of operatioss ri[x;] and w;[x;] of

a readenly transacion T; ard a read-wite trarsacion T; suchthatlb, — yyn G, c[xj] <mvu N[X],
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T, «T; ard there 5 awrite operatiorw,[x,] of a committed trarsaction T, in MVH such that

X <<Xi, G <mvn hilX]L Ti o st Tie

Theorem 2: A history MVH is strict forward BOT serializdle, if SFR-MVSG(MVH) is ayclic.

Proof: see Appertix A.

3.2 Update Seridizability

While the strichess of serializakility may be necesary for same readonly trarsactions (see Example 1), often
however, the use o such grongcriteria isoverly regrictive and may affect he owerall system periormance. Even
worse, serializaitity does rot only trade caonsistercy for performance, it alsohas an impact a data curercy.
Sweh dravbadks can be elminated or at ledsrelaxed by allowing readenly transctions to be eeciuted at
weaker ILs. Various correchess criteria have beenpropo®d in the literature o acheve performance beefits by
allowing non-serializable exeautions of readenly transctions. While some forms of corsistercy such asUpdae
Serializability (US) [MW82, HP86] or External CondstencyUpdae Consstency [Wei87, BC92] require read-
only trarsadions to observe consistert databese state, thers such as Epsilon Serializability [WY P92] alow
them to view transactian inconsistent data. We believe that the magjority of readonly transactions needto see a
trarsaction corsistent databasgate anl therebre we focus solely on ILs that provide sich guarantees An IL
thatis strictly wealer than serializalility ard allows readonly transactons to seea transadion consistert stae is
the Update Serializabity level which canbe formally defined as bllows:

Definition 15: (Update Serializaliity): Let us denote the set of committed readwrite transactions by T,={T 1,
..., To} @and the progcion of MVH orto T, by P(MVH, T,,). A multi-version history MVH over a &t of read-
only and read-wite transactions is an update srializable hstory, if for eachreadenly transctionT, in MVH the
subhistory MVH*:=P(MVH, T,;) P(MVH, T)) is serializable. Ifthere are o readonly trarsactons in MVH,
thenonly the sibhistory MVH*:=P(MVH, T,,) has tobe seralizale.

Update Serializabity differs from the serialzahlity IL by allowing readonly trarsactios to serialize
individually with the set & committed readwrite trarsactians in a multi-version histary MVH, i.e., it relayes the
harshness d the serializaBity criterion by requiring that readonly transactons are semlizade wrt. committed

read-wite transacions, but not wrt. other committed readenly transctions
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3.2.1  Strict Forward BOT Update Seridizability

Update Serializabity as dfined above allows different readonly transactons to view different trarsadion

corsistert databas states that resit from different srialization orders of read-wite trarsactions. By not

requring that all readonly transactions have to se the same consstert state, more concurercy between read-
only ard readwrite transacions is made posible. However, higher transcion throughput by relaxing the

corsistercy requrement may not be ackeved at tke cos$ of providing no or wunacceptable data awercy

guaranteesto users. It is obvious, that Update Serializabity ladks any curercy requiremens. A reasan for this

may be he fact hat Update Sealizability aswell asthe 0/1/2/3 islationlevel hierarchywasoriginally propogd

in the cortext of centralized dtaba® systems where data reercy is not an ssue, if only a sngle version of each
data iten is kept in the system. In digributed mobile databassystems, however, data itens are cachd invarious

parts o the system (e.g air-cacte, clieit cade) for performance and reliaklity purposes. D to high

communicaion debys ard weak conrecivity betveen the clent and the wrver, dah discreparties are

unavoidable. To ersure correctiss of readenly transactions degite the pregnce ofdigtributed data cadhg and

multi -versioning, we needto extert the Update Serializabity level.

Example 4: To illustrate ths requrement, we propo the following example history that has beenprodiwced by

our flight scheduling s/stem:

H,: by Wo[Xo, 2:40pm] by ryfzo, cloudy] wolye, 2.50pm] ¢y wy[z,, blizzard]c, b, r[z;, blizzard]b; ry[z,, blizzad]
ra[Xo, 2:40pN] W[X,, 2:50pn] ¢, rafyo, 2:50pN] by raXo, 2:50pn] wilys, 3:00pn] ¢ bs rslyo, 2:50pn] bg
re[z1, blizzard re[X2, 2:50pm we[xs, 3:00pn] Cs by r7[z;, blizzard] [y, 3:00pn] wyy7, 3:10pnj 7
rs[Xe, 3:00pN] Cs raly7, 3:10pM] ¢4

<C; wmvH ba G mvn bs>

History H, repregrts an extension of H, since it catains two additional updates d the departure time d the
flights X and Y. Asin Example 1 anl Example 2, take-off timesof fights X ard Y need b be dedyed dwe © an
imminent change in local weather conditions. The first anerdment of the flight's schedule is performed by
trarsactions T, ard T;. Sirce weater corditions are ot going to improve in the foresedle future bothflights
need to be reheduled repeatedlyhich is carried oti by trarsactions T¢ ard T,. Betveen both modificatons of
the departre imes, two employees of the arport peronrel are askd by pasengers to query the flight schedule
system to get the latest dita an the staus of flights X and Y. For performance purposes,both employess intiate
their readenly transactions (T, and Ts respectively) with Update Serializalility guarantees.At the trarsactons
start time, both enployeesare disonrectedfrom the certral flight scheduling system due to heir unfavorable
position with regard to the access @ints o the wireless LAN at te airprt. However, despte being
disconnected, bothreadenly trarsactions start their operatios since their first requested obgcts (X ard Y
regectively) are located irthe memory of their PDAs. Since tle other requeded obgctis not cacle-resdent,
both clients need towait to be recomected to proceedith trarsaction procesing. By the time both clients get
recomected, botHflights have beendelayed repeatedl and trarsactions T, ard Ts readthe lates data an the

flights Y and X, resgectively. To illustrate tlat the scheduler has roduceda carect scledule, Figure 3stows the
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MV SG of history H,. It is easy to see that H, is an update srializable hstory since the gaph’s cycle can be
eliminated ly removing either T, or Ts from MV SG(H,). Althoughboth readenly transctions are procesd in
compliance with the Update Serializahility requirements, itis eay to imagine that the produced query results are
undedrable snce hey may be coriusng to the mobile clients. Again, this example delivers evidence that
conventional isolation levels needto be redsfined or exerdedin order to be agpropriate for readonly transaction

with data curerncy congraints.

Figure 3: Multi- Version Seridization Gragh of Hy

Implicationson transction correctress due to the readsrom out-of-date obgctsasshown in Example 4 canbe
diminished by adding data curercy guaranteesto the cefinition of Update Serializabity. As data aurrercy and
consistercy are athogonal concefs, it is psside to combine Update Serializabity with various types o
currercy. As for the serializaility level, we concertrate am the BOT data curercy type, since we believe that
they are fequently requred in the mobile environment. However, there B no need b define a new IL that
provides BOT data curerncy guarariees in combination with Update SerializaBity correctress sincesuwch a leel
would be equivalent to the alreag defined BOT seaializaklity degree. Havever, exending Update
Serializalility by the reaiirement that a readonly trarseaction T; must perceie the most recent ersion of
committed obgctsthat exsted by the time T, startedits execuion or beyond seens to be a valuabe property in
terms o performance and curercy. However, asspecified in the StrictForward BOT Seralizalility IL, forward
readsbeyond T;'s start wint should only be allowed, if the Update Serializabity criterion is ot violated In
order to deteriine whether a readenly transction T, cansafely readforward onsome version of object X it

wants to read, he following propery canbe ugd.

Read Rule 2 (Update Seridable Forward Read3: Let T, denote a reaebnly trarsadion in a multi-version
history MVH that requresto ob®rve the effects of a read-wite transaction T; that canmitted after T’'s starting
point as lag as the Update Serializalility requirements are rot violated Further, let Typqae repreen a set of
readwrite trarsactians that committed after T's starting point but before the commit point of T, i.e., Ty
Tupdate (B mve & G wmvn C). Ti is allowed to read érward aml e te dfects of T, if the invariant
ReadSet(MVH, T [b;, g]) WriteSet(MVH, T]) = & holds and thereis no readwrite transaction Ty in MVH
(i ki kysuchthath vk C, G wmvu G, Ti  ust Tk andT, arbirary depens on T,. We represert the fact
that T; is allowed to read drward to dserve the efiecsof T, by Ty s T;.
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We cannow define our new IL that ersures Uplate Serialzaklity correctress together with firm data curercy

guaantees:

Definition 16: (Strict Forward BOT Update Serializabity): A multi-version histary MVH over asetof read
only and readwrite trarsadions is strictforward BOT update serializalte, if all of the following conditions hold:
1. MVH is update serializate, and if the pair r;[x;] and wj[x;] of a readenly transaction T; ard a
readwrite transacton T; are n MVH, then either
a. b wm G, c[xj] <mwn N[X], Ti  usi Tj ard there is o write operation wix,] of a
committed trarsacion T, in MVH such that % <<Xy, G <mvw 1i[X], Ti  ust Tk OF

b. requiremert 2b of Definition 13 is true.

Again, we detemine asto whether a given higory MV H is drict forward BOT updateserializable ly using a
directed MVSG.

Definition 17: (Strict Forvard Read Sigle Query Multi-Verdon Serialization Graph): A drict forward rea
multi-version serialization graph for MVH wrt. a readenly trarsactionT;, denoted SFRSQ-MV SGMVH, T)), is
a directed gaphwith nodesN:= T, T; and edges Esud that
1. anedg of type 1 ad 2 inSFR-MVSG(MVH) isanedg in SFRSQ-MV SG(MVH, T).
2. thereisanedgT, T;(Ti T;)wherever there istsa par of operatios w;[x;] and r[x;] of a
readenly transaction T; ard a read-wite transaction T; suchthat mvw G, X1 <mvn ri[X],
T, i T; ard there isa write operationw,[x,] of a canmitted trarsaction T, in MVH such
that 5 <<Xy, & <mvn Mi[X], Ti  ustr Tk-
Theorem 3: A history MVH is strict forward BOT serializable, if for ead readenly transction T the
correpording SFR-SQ-MVSG (MVH, T)) is agyclic.
Proof: see Apperdix A.

3.3  View Consistency

View Consstency (VC) is the weakestIL that ensures transaction consistency to readonly trarsactons provided
that all read-wite trarsacions that modify the databas sate are arializable. It was first informally defined in
the literatire by [Wei87] under the reme Exterrel Consistency. Due toits valuable guarantees povided to real-
only transactions, it appeargo be anideal cadidatefor use inall forms of environments including broadcasng
systems. Havever, asnoticed for the Canflict Serializalility and Update Serializabity degree, tte dfinition of

View Consistency lacks the rotion of data curercy. We formally define the View Consistency level asfollows:

Definition 18: (View Consistency): Let T,%P denote aset ¢ committed readwrite trarsactions in MVH that T,
direcly ard indirecly dependson. A multi-verson history MVH over a st of readenly ard read-wite
trarsactions is view consistent, if all read-wite transactions are €rializable an for eachreadenly transction T
in MVH the sibhistory MVH*:=P(MVH, T,*%)  P(MVH, T) is serializate.
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This IL’s attractizeress relate tothe fact that all readwrite trarsactions produce a cosistert databese state red
readonly transactons view a trarsaction consistent databese state. Haever, aswith Update Serializabity,
there might be a caocern related to tle fact hat two read-only (or readenly and read-write) transctions
execued at the same client can see dfferent serial ordersof readwrite transactions. Another issue is relatedto
the curercy of the data obsrved by readenly transctions. While the first poterial prablem can only be
resolved by running read-only transactions with serializability guarantees, the latter issue can be compersated by
exterding the View Consistency level by appropriate curercy guaranees. As for the Update Serializabity
level, there isno need to dahe a new IL that ensures View Condstercy correctmss in conbination with BOT
data curercy since sich anlL would be equivalent to the defined BOT Serializalflity level. However, exending
BOT Serializalility with aforward readobligation that reqiires reaebnly trarsactians to see tle dfects d read
write transactions as long as the View Consistency requiremerts arenot violated appears tobe a worthwhile
apmroach Before we formally define this new IL, we needto formalize a cadition that allows us to detemine
whether a readonly transaction T; can obsrve the dfects of a readwrite transacion T, that canmitted its

execuion after Ty’ s startihg time.

Read Rule 3 (View Consistent Forward Reads): Again, let T pgaerepreert a st of read-wite trarsactions that
committed after T;'s starting point but before the canmit point of T;. T; is allowed to read érward aml se tte
(total) efecs of Tj (Ti  verr Ty), if the invariant Readset(MVH, T, [by, ¢])  WriteSet(MVH, T]) = @hdds and
there isno read-wite trangaction Ty in MVH (j k, i k) suchthat b mve &, ¢ wmvi G, Ti ver Tk ard T,

write-reador write-write depends o T,

We cannow define our new IL that ersures Uplate Serialzablity correctress together with firm data curercy

guaantees:

Definition 19: (Strict Faward BOT View Consistercy): A multi-version histay MVH over a set breadonly
ard readwrite trarsadions is strict forward BOT view consistert, if all of the following conditions hold:
1. MVH is view consistert, ard if the pair r;[x] and wj[x;] of a readenly transaction T; anda
readwrite trensacton T; is in MVH, then either
a. b ww G, c-[xj] <mvu fi[X], Ti v T; ard there isno write operation wy[x,] of a

committed trarsacion T, in MVH such that ¥ << Xy, G <mvu i[Xl, Ti  veir Tk OF

b. requiremert 2b of Definition 13 is true.

To show that a multi-verson history MVH provides Strict Forward BOT View Condstency guarariees, we

associate a corrgzonding graphwith MV H.

Definition 20: (Cawsal Deperdercy Strict Foward Read Singg Query Multi-Verson SerializationGraph): A
cauwsal deperlercy srict forward read imgle qery multi-verson serialization graph for a multi-verson history
MVH with regect to a readnly transaction T;, deroted CD-SFR-SQ-MVSGMVH, T), is a directed gaph
with nodesN:= T%" T, ard edees E wuch that
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1. anedg of type 1 ad 2 inSFR-MVSG(MVH) isanedg in CD-SFR-SQ-MVSG(MVH, T)).

2. thereisanedgT, T;(Ti T;) wherever there istsa par of operatios w;[x;] and r[x;] of a
readenly transaction T; ard a read-wite transaction T; suchthat mvw G, G[X] <mvn riX],
T v T ard there isa write operationw[x,] of a canmitted trarsaction T, in MVH such

that 5 <<Xy, & <mvn [i[X], Ti  verr T

Theorem 4: A history MVH is strict forward BOT serializable, if for ead readenly transction T the
correpording CD-SFR-SQ-MVSG (MVH, T)) is acylic.

Proof: see Appertix A.

Before cancluding Section 3, we want to discuss an issue alout wealer cansistency levels that might be a
problem for same applications initiating readonly transactons. The potertial problem of weaker degrees than
serializalility is relatedto the fact that readonly trarsactions exeauted under those levels may see a statefdhe
databas that rever existed at anytime in the databass history. The issue of corcernarisesfrom allowing read-

only transactians to miss te dfects d readwrite trarsadions. The following example illustrates the problem.

Example 5: Condder the following schedule of a sock market monitoring and trading system prodiced Lty
trarsactions that were exeauted at the Strict Foward BOT Update Serializabity IL:

Hs: g Wo[X0, 10] We[yo, 15] Wo[Zo, 10] G by b, 11[yo, 15]Walyo, 14] G bs Wa[Xs, 11] G rafXs, 11]¢;
<C mvn B>

History Hs shows the executionof areadenly transaction T, that readghe stock pricesof the canpany X and Y.
T, s starthg point was setafter the canmit point of trarsaction T, that writes the sbck pricesof X, Y and Z.
There are tw adlitional read-write trarsactions T, ard T; in Hs that write the prices of sharesX and Y
respectively. Both trarsactions are conmitted after T,'s first read operébn was periormed. Snce the updae
serializableforward read progrty is satisfied, T, readsthe verdgon of object X ingalled by Ts. This forwardread
operation erforced by the Stict Forward BOT Serializalility level has the effect that T, seesa tramsacton
consistert databese state Hat never exsted at ary time in the databeses histay, i.e., T; views a apdot
inconsstent state d the databaes If we assume that T; uses the stock pricesof X and Y to conpute a canposte
index, the resilting index value is ircorrect sice it refects the prices d stacks at dfferert points intime. To
awid sapsot incongstercies as experierced ly T,, readenly transacions have to be excued at tle

serializalility level.

4  Implementation Issues

We row propo® probcols that implement the newly defined ILs in an efficient manner. First, we illustrate the
key characeristics of our envisaged broadcatsng environmer and preert some common desgn assimptions

that underlie the implementation of the ILs.
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Data dissemination by using broadcast disks is likely to become the prevailing mode of data exchange in mobile
wireless environments. The characteristics of a broadcast disk environment are well-known in the literature and
therefore we only present some key properties that are relevant for our protocols. For simplicity, we assume a
flat broadcast disk that consists of three types of segments: a) an index segment, b) data segment, and c) control
information segment. To make the data disseminated self-descriptive, we incorporate an index into the broadcast
program. Directory information is broadcast several times within a broadcast cycle to locate requested data in an
energy efficient way. We choose (1, m) indexing [IVB97] as the underlying index organization method and
broadcast the complete index once within each minor broadcast cycle. To provide cache consistency in spite of
server updates, each minor cycle is preceded with a concurrency control report or CCR that contains the read and
write sets along with the values of newly created objects of read-write transactions that committed in the last
minor broadcast cycle. An entry in a CCR is a 3-tuple <TID, ReadSet, WriteSet> where TID denotes a globally
unique transaction identifier. Transactions stored in CCR are ordered by their commit time. The data segment
contains hot-spot data objects that are of interest to a large number of clients. The rest of the database can be
accessed on-demand. To allow clients to communicate with the server, we assume the existence of a back
channel. We consider the use of a hybrid data delivery mode of data broadcast and unicast to experience the

advantages of both types of communication.

With respect to the client and server architecture, we assume a hybrid caching system for both system
components to improve the performance of our protocols. In a hybrid caching system the cache memory
available is divided into a page-based segment and an object-based segment. The server uses its page cache to
handle fetch requests from the server and to fill the broadcast disk with pages containing hot-spot objects. The
server object cache is utilized to save installation disk reads for writing modified objects onto disk. The latter is
organized similar to the modified object buffer (MOB) in [Ghe95]. With respect to concurrency control, the
server object cache can be used to answer object requests in case a transaction consistent page is not available
from the client’s perspective. The client also maintains a hybrid cache scheme to get full advantage of both. The
client page cache is used to keep requested and prefetched database pages in volatile memory. We assume a
single version page cache that maintains up-to-date server pages. The client object cache, on the other hand, is
allowed to store multiple versions of an object X. To simplify the description of our protocols, we assume that an
object X can be either stored in a page P or in the object cache of the client. To reason about the correctness of a
client read operation, each page P is assigned a timestamp TS(P) that reflects the (logical) time when an object X
resident in P was last updated. Analogous to the page cache, each version of an object maintained in the client

object cache is associated with a commit timestamp reflecting the point in time when the version was installed.

4.1  Multi-version Concurrency Control Protocol with BOT Serializability guarantees (MWWCC-BS)

In this section, we present an algorithm that provides BOT Serializability to read-only transactions. For space
restrictions, we only cover the case where mobile clients do not suffer from intermittent connectivity and can
actively observe the broadcast channel. We also assume that clients can only execute a single read-only
transaction at a time. The described algorithm will build the fundamental basis for subsequent protocols that

ensure weaker semantic guarantees than serializability.
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Our implementation of the BOT Serializability level allows concurrency control with nearly no overhead. For
each read-only transaction T;, the client keeps the following data structures and information for concurrency
control purposes: a) T;’s startup timestamp, b) T;’s read set, and c¢) an object invalidation list. The latter contains
the identifiers and commit timestamps of objects that were created during the current major broadcast cycle
(MBC). Note that all underlying data structures of our CC schemes are chosen for clarity of exposition rather

than for efficient implementation.

The server data structures include the hybrid server cache and CCR as described before and the temporary object
cache (TOB). The TOB is used to record the modified or newly created object values of transactions that
committed during the current MBC. Additionally, the TOB is utilized to store "shadow" versions of transactions
that are not yet committed. Whenever an MBC is finished, all versions of committed transactions are merged
from the TOB into the MOB and the updated or newly created object versions will be available for the next

broadcast cycle.

Now we describe the protocol scheme by differentiating between client and server operations.

Client Operations

1. Read object X by transaction T, on client C

a) T; isswes its first read operation. Assign the number of the current broadcast cycle to STS(T;). Add X to T;’s
read set (RS).

b) Requeted obgct X is cache-esidentin the page orobject cacheIf the requested object is stored in page P, it
can be read by T; whenever P’s update timestamp TS(P) is smaller than STS(T;) or if T; started its operations in
the current MBC and there is no entry of X with timestamp TSq(X) in the object invalidation list (OIL) such
that STS(T;) TSon(X). Otherwise, T; looks for the entry of object X in the object cache. If some version j of
object X is in the object cache, T; can read X; if the invariant TS(X;) < STS(T;) holds and there is no other
version k of object X such that TS(X;) < TS(Xy) and TS(Xy) < STS(T;). If T; reads some version of X, add X to
RS(T)).

¢) Requeted obgct X is schedukd br broadcasing. Read index of the broadcast to determine the position of the
object on the broadcast. The client is allowed to download the desired object X if the update timestamp of the
page P in which X resides is smaller than T;’s starting point, i.e., TS(P) < STS(T;) and there is no object version
of X in OIL such that TS(P) < TSo(X) and TS (X) < STS(T;). If a consistent object of X cannot be located in
the air-cache the client proceeds with d). Otherwise, it reads the installed version of object X and adds X to
RS(T)).

d) Requeted vesion of object X isieitherin the local cache noin the aircache.Send fetch request for object
X along with STS(T;) and T;’s IL to the server. The server processes the client request as described below. As a

reply the client either receives a transaction consistent copy (with respect to T;) of a page P which contains the
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requested object X or otherwise a transaction consistent version of X. If the request cannot be satisfied, the

server notifies the client and T; must be aborted.

2. Concurrency control repat processing on client C

CCRs are disseminated at the beginning of each minor broadcast cycle. The client processes the CCR as follows:
For each object X included in the write set of a read-write transaction T; that committed in the last minor
broadcast cycle, an entry is added into OIL containing the identifier of object X along with its commit
timestamp. Additionally, the contents of the page and object cache is refreshed. If an object X that is kept in a
page P at client C was updated during the last minor broadcast cycle, the old version of X is overwritten by the
newly created version. Otherwise, the updated version of X is installed into the object cache, if X belongs to C’s
hot-spot objects. If a prior version of object X becomes useless for T;, the corresponding object version is

discarded from the object cache.

3. Transaction commit

Transaction T; is allowed to commit, if all read requests were satisfied and no abort notification was sent by the

Server.

Server Operations

1. Fetch requesfor object X from client C

If the server receives a fetch request for object X from transaction T;, the server first checks if the page P on
which the object X resides is in the server cache. If P is cache-resident and the startup timestamp of T; is equal to
the number of the current minor broadcast cycle, the server will send page P to C after applying to P all pending
server object cache entries. Otherwise, if any of the aforementioned conditions is violated, the server searches for
X in the MOB. If it finds an entry for object X such that TS(X) < STS(T;), the server will send object X to the
client. Otherwise, if STS(T;) equals the number of the current broadcast cycle, the server reads P from disk and
applies all outstanding modifications recorded in the MOB of objects that reside in P to the page. If a fetch

request cannot be satisfied due to consistency reasons, an abort message will be transmitted to the client.

2. Integration of the TOB into the MOB

At the end of each minor broadcast cycle, the newly created and updated versions of objects are merged into the
MOB. If objects exist in the MOB, their object values will be overwritten and timestamp numbers will be

updated.

3. Filling the broadcast disk server
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The server fills the data and index segment of the broadcast disk server at the beginning of each MOB. Thereby,
the server proceeds as follows: If the desired page containing hot-spot objects is not in the page cache of the
server, it is read into the cache from the disk and thereafter it is updated to reflect all the modifications of its
objects recorded in the MOB. At the end of this process, all pages stored in the broadcast disk server are
completely up-to-date, i.e., they contain the most current versions of their objects. Further, the server creates a
(1, m) index containing entries for objects scheduled for broadcasting and stores it into the index segment of the
broadcast disk. The concurrency control segment of the broadcast disk is updated at the beginning of each minor

broadcast cycle. This segment is filled with the CCR as described above.

4.2  Multi-version Concurrency Control Protocol with Strict Forward BOT Serializability guarantees
(MVCC-SFBS)

Having described an MVCC scheme that ensures BOT Serializability consistency, we extend this scheme to
provide Strict Forward BOT Serializability. Recall that the Strict Forward BOT Serializability level differs from
the BOT Serializability degree by requiring read-only transactions to observe the updates of transactions that
committed after their starting point provided that Read Rule 1 is satisfied. To implement the latter requirement,
we adopt a technique used by the multi-versioning with invalidation scheme in [PC99b] and associate a read
forward flag or RFF with each read-only transaction T; in the multi-version history MVH that indicates as to
whether T; has read a version of an object that was later modified by a read-write transaction T;. If such an event
occurs, RFF of T is set to false and T;’s commit timestamp is recorded in a variable called read forward stop or
RFS. Equipped with the latter information a scheduler can efficiently determine which versions of requested

objects a mobile transaction needs to observe by applying the following read rule:

Read Rule 4: Whenever a read-only transaction T; wants to read an object X and RFF is set to false, T; has to
read the latest committed object version of X with a timestamp TS that is smaller than RFS(T;). Otherwise, T;

has to read the most recent object version of X.

4.3  Multi-version Concurrency Control Protocol with Strict Forward BOT Update Seridizability
guarantees MVCC-SFBUS)

Recall that the Update Serializability level is less restrictive than the serializability level by allowing different
read-only transaction to see different serialization orders of read-write transactions. This weaker requirement
affects the forward read behavior of read-only transactions running under Strict Forward BOT Update
Serializability. As with the MVCC-SFBS, the mobile client has to determine for each active read-only
transaction T; as to whether it is required to observe the effects of a read-write transaction T; that committed
during T;’s execution time. To this end, each read-only transaction maintains two additional data structures.
First, an object version write prohibition list or OVWPL is associated with each read-only transaction T;. An
OVWPL is a set of pairs <OID, CTS> where OID denotes the identifiers of objects whose values T; is not
allowed to see and CTS represents the logical time when the transactions that modified or created the objects
committed. The OVWPL of an active read-only transaction T; is updated whenever a new CCR appears on the
broadcast channel. Second, for each active read-only transaction T; the client maintains an object version read

prohibition list or OVRPL that keeps track of the objects read by read-write transactions that committed during
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T;’s execution time and whose effects must not be seen by T;. The identifiers of objects created by a read-write
transaction T; along with the corresponding timestamp (in case of the OVWPL) have to be added to the T;’s
OVWPL and OVRPL if any of the following conditions hold:

Cl: ReadSet (T;)  WriteSet (T;)
C2: ReadSet(T;) OVWPL(T))
C3: OVRPL(T;) WriteSet(T;)

Condition C1 says that in order for T; to read forward on objects written by T, the intersection between T;’s read
set and T;’s write set must be empty. Otherwise, the read set and write set of T; must be registered in T;’s
OVRPL and OVWPL respectively. If T; has updated an object X that is already listed in T;’s OVWPL, the entry
of X is not modified and the protocol proceeds with the next object written by T; (if there is any). Condition 2
states that T; must not see any objects contained in T;’s OVWPL. This condition ensures that T; will only see the
effects of Tj if there is no write-read dependency between any transaction T\, whose updates are registered in T;’s
OVWPL and T;. If C2 is violated, T;’s updates and read objects have to be placed into T;’s OVWPL and OVRPL
respectively. Condition 3 states that T; must not have overwritten an object that is included in T;’s OVRPL. This
condition guarantees that T; will only see the updates of T if there exists no read-write dependency between any
transaction Ty that conflicts with T; and those read operations are included in T;’s OVRPL and T;. Again, if C3 is
not satisfied, T;’s OVRPL and OVWPL must be updated.

A read-only transaction running under Strict Forward BOT Update Serializability sees a correct state of the

database if the mobile client obeys the following read rule:

Read Rule 5: Whenever a read-only transaction T; wants to read an object X that is registered in its OVWPL, T;
has to read the latest committed object version of X with a timestamp TS that is smaller than the one of the entry

of object X in OVWPL. Otherwise, T; has to read the most recent object version of X.

Note that Read Rule 5 is applicable to the MVCC-SFBVC protocol as well.

4.4  Multi-verson Concurrency Control Protocol with Strict Forward BOT View Congstency
guarantees MVCC-SFBVC)

The View Consistency level is the weakest IL that provides transaction consistency to read-only transactions and
constrains forward reads of read-only transactions to the smallest possible extent. To determine whether an
active read-only transaction T; is required to see the updates of a read-write transaction T; that successfully
finished its execution during T;’s lifetime, the applicability of rule C1 and C2 has to be tested. If both conditions
are satisfied and T; wants to read an object written by Tj, it needs to read the version installed by T;, if there
exists no later version of the respective object that T; is allowed to observe as well. As the rules given above are
a proper subset of those formulated for the MVCC-SFBUS scheme, it is obvious that the MVCC-SFBVC
protocol provides strictly stronger currency guarantees than MVCC-SFBUS. Further, it is easy to see that
MVCC-SFBVC has lower time and space overheads than MVCC-SFBUS since the former scheme does not
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need to maintain the OVRPL. Hence, we expect that the MVCC-SFBVC scheme outperforms the MVCC-

SFBUS protocol in our performance study.

5 Performance Resllts

The aim of the performance study is to measure the absolute and relative performance of our proposed multi-
version concurrency control protocols in a wireless broadcast disk environment. In contrast to previous
simulation studies [LSL99, SNS+99], we quantitatively evaluate the performance of our new ILs in the presence
of a client cache and a hybrid data delivery environment. A study conducted by [PC99a] accommodated client
caching, however, they only measured the performance of protocols that provide serializability guarantees to
read-only transactions. Further, all those simulation studies use a pure broadcast data delivery mode, i.e., the
server pro-actively and repeatedly broadcasts all data items of the database to the client population without any
explicit request. Such a push-based data delivery type suffers from long response times when the database gets
large (see Figure 7) and therefore it is inadequate for most applications of dissemination-based databases. Thus,
we implement our concurrency control protocols in a hybrid data delivery environment where only the most

popular data is broadcast and the rest is delivered on demand.

5.1 System Model

Our simulation parameters used are similar to the ones taken in previous performance studies done in the field of
data broadcasting and distributed databases [AFZ95a, AFZ95b, Gru97]. The simulation model consists of the
following core components: a) database, b) server, c) client, d) broadcast disk, and e) network, which are briefly

described below.

As in simulation studies done before, a relatively small databa® size is used in order to make the simulations of
our complex mobile broadcasting architecture computationally feasible with today's computer technology.
Therefore, the database is modeled as a set of 10000 objects. Mobile clients and the server are modeled as a
facility consisting of a variety of components including a CPU, cache, and disk. Disks are only available at the
server, i.e., we assume diskless mobile clients. Similar to previous performance studies, database objects are
stored on multiple disks at the server which are modeled as a FIFO queue. To reflect the characteristics of a
modern disk drive we have chosen the parameters from the Quantum Atlas 10K III disk. The client CPU speed is
set to 100 MIPS which is a realistic number for mobile devices [AO1] and the server CPU speed is 1200 MIPS.
We have associated a CPU instruction cost with various events as listed in Table 1. A single FIFO input queue is
used for processing events such as disk I/O or sending a message. All requests are charged in terms of (fractions
of) broadcast units, i.c., the time it takes to broadcast a disk page of 4096 bytes in size. The client cache size is
chosen to be 2% of the database size and the server cache size is 20% of the database size. As in previous studies
carried out in the context of stationary distributed database systems, we model the client cache as a hybrid cache
by dividing it into a page-based segment and an object-based segment as described in Section 4. The server
cache is also divided into a page data cache and a modified object cache (MOB). The MOB is modeled as a
single version object cache as described in [Ghe95]. The client and server page caches and the MOB are

managed by a LRU replacement policy and the client object cache is organized by an eviction algorithm called P
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[AFZ95a]. P is an offline page replacement algorithm that uses the knowledge of objects’ access probabilities to
determine the cache replacement victims. We use this knowledge whenever the cache is full to evict those
objects that have the lowest access probability. Client cache freshness is achieved by downloading recently

modified objects from the CCR segment of the broadcast cycle.

The broadcast program determines the structure and the contents of the underlying broadcast disk. We assume a
flat single version broadcas disk whose contents is cyclically disseminated to the client population. Since we
want to capture hybrid data environments, only the hottest 20% of the database is broadcast. At the beginning of
each MBC a dedicated broadcast disk server is filled with the most popular pages. Each MBC is subdivided into
five minor cycles and each minor cycle consists of a portion of the data to be broadcast within an MBC, a (1, m)
index to make the data self-descriptive, and a CCR as described in Section 4. Our modeled network
infrastructure consists of three communication paths: a) broadcast channel, b) back channel from the client to the
server, and c¢) downlink channel from the server to the client. The network parameters of those communication
paths are modeled after a real system such as Hughes Network System's DirecPC [Hug01]. We set the default
broadcast bandwidth to 12 Mbps and the point-to-point bandwidth to 400 Kbps downstream and to 19.2 Kbps
upstream. Both point-to-point connections were modeled as unshared resources. With respect to message latency
we experimented with a fixed RTT end-to-end latency of 20 ms. Although the DirecPC system has much higher
message latency in reality (approximately 375ms) [Hen99], underestimating the propagation delay helps us

speed up the simulation runs.

5.2 Workload Mod€

Transaction processing is modeled in our simulation study like in a stock trading and monitoring database. Data
objects are modified at the server by a data workload generator that simulates the effects of multiple read-write
transactions. In our baseline system configuration 100 objects are modified by 20 transactions at each MBC, i.e.,
each read-write transaction updates 5 objects. Objects read and written by read-write transactions are modeled by
using a Zipf distribution with parameter =0.80. The ratio of the number of write operations versus the number
of read operations is fixed at 0.2, i.e., only every fifth operation issued by the server results in an object
modification. Read-only transactions are modeled as a sequence of 10 to 50 read operations. Like read and write
operations at the server, the access probabilities of client read operations follow a Zipf distribution with
parameter =0.95 (and =0.80 respectively), i.e., about 90% (75%) of all object accesses are directed to 10%
(25%) of the database. To account for the impact on the communication and server resources when the client
sends a data request to the server, we model a multi-client environment consisting of 10 mobile clients. For
simplicity, we assume that each mobile client runs only a single read-only transaction at the time. We model a
transaction think time between two consecutive operations and transactions to add a delay between those events.
We adopt a parameter, called uplink usage threshold [AFZ97], whose value determines whether a client may
explicitly request an object even though it is scheduled for broadcasting. The chosen threshold of 100 percent
means that an object version can not be requested from the server if it is listed in the broadcast program. We
have chosen an abort variance of 100 percent which means that whenever a read-only transaction aborts due to a
read conflict, the restarted transaction reads from a different set of objects. To conclude, Table 1 summarizes the

system and workload parameters used in our study.
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Server Parameters (Sensitivity Range)

Broadcast Parameters (Sensitivity Range)

Database size (DBSize)

10000 objects

Number of broadcast disks

1

Client/Server page/object cache lookup
Client/Server page/object read
Register/Unregister a page/object copy
Register an object in the prohibition list
Prohibition list lookup

Inter-transaction think time
Intra-transaction think time

300 instructions
5000 instructions
300 instructions
300 instructions
300 instructions
50000 instructions
5000 instructions

Client Parameters (Sensitivity Range)

Client cache size (CCSize)

Client object cache size

Client page cache size

Cache consistency policy

Data Access Pattern (Zipf distribution with Theta)

2% (1% - 5%) of DBSize
80% of CCSize

20% of CCSize

LRU & P

0.80/0.95

Object size (OBSize) 100 bytes [Number of objects disseminated per MBC 20 % (20% - 100%) of DBSize
Page size (PGSize) 4096 bytes Bucket size 4096 bytes
Server buffer size (SBSize) 20% of DBSize (Number of index segments per MBC 5
Page buffer memory size 20 % of SBSize Number of CCRs per MBC 5
Object buffer memory size 80 % of SBSize Bucket header size 96 bytes
(Number of updates per MBC 1.0% (0.5% - 2.5%) of DBSize [Index header size 96 bytes
Update range DBSize Index record size 12 bytes
Data update pattern (Zipf distribution with Theta) 0.80 Object ID size 8 bytes

Disk Parameters Network Parameters
Fixed disk setup costs 5000 instructions Broadcast bandwidth 12 Mbps
Rotational speed 10000 RPM Downlink bandwidth 400 Kbps
Media transfer rate 40.00 Mbps Uplink bandwidth 19.2 Kbps
Average seek time (read) 4.5 ms Fixed Network Costs 6000 instructions
Average rotational latency 6.0 ms Variable Network Costs 7 instructions/byte
Page fetch time 7.6 ms Propagation and queuing delay 20 (300) ms

CPU Parameters ‘Workload Parameters (Sensitivity Range)
Client CPU speed 100 MIPS Size of read-write transactions 25 (5-50) objects
Server CPU speed 1200 MIPS Size of read-only transactions 25 (10-50) objects

Number of point-to-point uplink channels 2
(Number of point-to-point downlink channels 2
Number of concurrent transactions per client 1
Abort variance 100%
Uplink usage threshold 100%

Table 1: System and Workload Parameters

5.3 Experiments and Resllts

53.1

Results dotained from Basdine Setings

The performance of the new ILs implementations is expressed in five metrics ranked according to their

importance when comparing the performance differences between the proposed ILs:

1. Transaction Commit Rate: The number of transactions successfully committed per second.

This measure demonstrates the efficiency of our concurrency protocols and is the key metric in

the simulation study.

2. Transaction Abort Rate: The number of read-only transactions aborted per second.

3. Messages per Transaction Commit: The number of messages (both object fetch and reply

messages) transferred between the client and the server per committed transaction as response

to a client cache and/or air cache miss.

4. Forward Read Ratio (FRR): The ratio of the number of objects referenced by a read-only

transaction T; that were up-to-date at their point of access to the total number of objects read by

T;.

5. Prohibition List Entries (PLEs): The number of data objects that a read-only transaction is

forbidden to read forward by its commit point in order to resolve conflicts with concurrently

active read-write transactions.
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All performance results presented in this paper were derived from executing 10000 transactions after the clients
and the server have reached their steady state. As noted before, our results come from artificially generated
traces, i.e., they give only an intuition about the performance of our ILs implementations, but may not represent

a real application’s behavior.

Due to space restrictions, we now give a short interpretation of the experimentally measured results with respect
to the aforementioned metrics. We use a combination of graphs and tables to present our results. While graphs
are plotted on the basis of absolute simulation values, tables are used to compare the best performing CC
protocol with its competitors on a relative basis. All results are graphically and tabularly presented for two
zipfian access distributions ( =0.95 and =0.80 respectively). Graphs use the following conventions: MVCC-
SFBVC, MVCC-SFBUS, MVCC-SFBS, and MVCC-BS results are plotted by using solid, dashed, thin and thick

dotted lines, respectively, with various geometrical bodies marking the data points (see legend of Figure 4).

As Figure 4(a) shows, the transaction throughput of all protocols decreases along the x-axis as the number of
objects accessed by read-only transactions rises. Increasing the transaction length results in longer transaction
execution times and hence fewer transaction commits per second. Furthermore, longer read-only transactions can
abort at a later point during their execution which results in higher abort costs and hence also reduces the
transaction throughput. Additionally, as transaction execution time progresses the likelihood that object read
requests can be satisfied by some component of the database system (client cache, air-cache or server memory)
decreases. Thus, apart from increased abort costs, higher abort rates are another consequence of longer
transaction execution times. As the tabular results show, the performance difference between the MVCC-SFBVC
protocol and the other protocols slightly (wrt. the MVCC-SFBS and MVCC-SFBVC scheme) / significantly
(wrt. the MVCC-BS protocol) widens with increase in read-only transaction length. The reason for the growing
performance penalty is related to a disproportionate increase in the number of messages sent per committed read-

only transaction since less client cache and air-cache hits occur.

The increase in the transaction abort rate as a function of the transaction length is depicted in Figure 4(b). With
regard to the abort rate, the relative difference between the protocols decreases when the transaction size is
increased from 10 to 50 read operations. The reason for the narrowing gap between the protocols is related to a

decline in the relative difference of the number of PLEs when transaction length rises.

The relation between the transaction length and the number of messages transferred between the client and the
server is illustrated in Figure 4(c). For example, the number of messages sent per committed transaction
increases from 4.1 with a transaction length of 10 to 133.6 with a transaction length of 50 for the MVCC-
SFBVC protocol. The sharp increase is caused by a higher transaction abort rate which results in an increase in

the number of messages sent through the mobile network per committed transaction.

Figure 4(d) shows the percentage of data items that were up-to-date by their access time which we refer to as the

forward read ratio (FRR). A high FRR indicates that read-only transactions have seen mostly fresh object
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versions while a low ratio reflects the opposite. Again, with increased transaction length the FRR decreases since

the number of conflicting objects that are not allowed to be read by our protocols rises.

Finally, Figure 4(e) graphically and tabularly presents data with respect to the number of conflicting objects that
have been created by read-write transactions during a read-only transaction’s execution time and whose values
are not allowed to be observed by the read-only transaction in order to comply with the underlying protocol
requirements. As one might expect, the number of conflicting objects, measured in terms of PLEs, increases as
read-only transactions access more objects. For example, for the MVCC-SFBVC protocol the number of PLEs
logarithmically (but nearly linearly) increases from 125.4 to 802.2 for the 0.95 workload when the transaction

length rises from 10 to 50 objects.

Having discussed the performance implications on varying the transaction length on our proposed protocols in
general, we now discuss the performance deviation between the concurrency control schemes for the 0.80 and
0.95 workloads. As expected and graphically and tabularly shown in Figure 4, MVCC-SFBVC slightly
outperforms MVCC-SFBUS by about 0.4-4.5% and the latter is superior to the MVCC-SFBS by about 0.8-6.0%
in terms of transaction commits per second for the 0.95 workload. MVCC-BS’s throughput rate varies between
28.8% and 99.8% relative to MVCC-SFBS for the same workload. For the 0.80 workload, the performance
degradation of the MVCC-SFBUS, MVCC-SFBS, and MVCC-BS is slightly higher compared to that of the 0.95
workload. The reason is that semantically stronger protocols suffer from the change in the data access and update
behavior to a greater extent since the number of fetch messages transferred to the server increases in absolute

and relative terms.

The following factors account for the difference in performance between MVCC-SFBVC and its semantically
stronger rivals. First, the performance penalty of stronger ILs than View Consistency occurs primarily due to the
fact that read-only transactions abort fewer times and hence perform less wasted work. Transactions managed by
weaker levels abort less often since they allow read-only transactions to read more recent object versions than
stronger levels and therefore, there exists a higher likelihood that requested objects can be found in the system.
Second, weaker levels impose less restrictive isolation requirements on read-only transactions which may result
in more forward reads and less PLEs. Reading recent objects potentially increases the probability that a
requested object can be located in either the client cache or broadcast channel. Thus, fewer fetch request
messages have to be sent to the server which, in turn, increases the transaction response time and transaction
throughput rate. As indicated before, there is a considerable performance penalty of ensuring BOT data currency
to read-only transactions. The reason for the weak performance of BOT Serializability is related to the constraint
that read-only transactions have to read from a snapshot that existed by their starting points. If transactions are
long-running, there is a decreasing probability that transaction consistent objects can be located in the database
system. Hence, transactions running with BOT data currency guarantees abort 2.5 to 10.2 times more frequently
than transactions that are permitted to see the updates of transactions committed after their corresponding

starting points.
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Figure 4: Performance results of implementations of four new ILs for the baseline setting of the simulator. While
graphs show absolute simulation values for our new ILs, tables present the performance penalty of three ILs

relative to the best performing CC protocol, namely MVCC-SFBVC.
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5.3.2 Sensitivity Analysis

We now present the results of our sensitivity analysis initiated to get an insight on how the protocols perform
under different system parameters. As the performance results of the MVCC-BS protocol at parts differ
remarkably from those experienced by its “forward read” counterparts (see Figure 4), we decided to exclude this
protocol from the graphical presentation of the results. However, the relative performance values of the MVCC-
BS protocol wrt. the MVCC-SFBVC scheme are still illustrated tabularly. In our analysis, we varied the
following workload parameters: a) client cache size, b) number of objects updated per MBC, c¢) number of
objects disseminated per MBC (broadcast factor), d) network bandwidth e) network propagation and routing

delay f) update transaction size.

To understand the impact of the client cache size, we varied the client cache from 100 to 500 objects. Increasing
the cache size enables the client to keep more useful object versions that are likely to be referenced in the future
in its local memory. Thus, there is an increase in the client cache hit rate leading to a decrease in the number of
object fetch requests forwarded to the broadcast channel inspector and server. As the results in Figure 5 indicate,
increasing the client cache size from 100 to 500 objects brings about a significant improvement in the transaction
throughput rate for all examined protocols. For the MVCC-SFBVC protocol, the performance improves by about
280-330% when extending the cache size from 100 to 500 objects. Further note, that there is an absolute and a
relative reduction in the number of client cache capacity misses resulting in a decrease in the throughput

difference between MVCC-SFBVC and the other schemes.

The number of objects updated per MBC was also varied from 50 to 250. This experiment is meant to
demonstrate the performance of our proposed protocols when raising the data and resource contention level.
Since we neither change the client cache size nor allow the server or the air-cache to keep multiple committed
object versions, there exists an increased contention among useful object versions for the available client cache
resources. As a result, the abort rate per second increases logarithmically (but nearly linearly) which, in turn,
causes the throughput rate to decrease exponentially. For example, for the MVCC-SFBVC protocol, the abort
rate rises from about 0.88 to 6.12, while the throughput rate per second decreases from 5.94 to 2.21 for the 0.95
workload (see also Figure 6). Further, this experiment along with the formerly conducted sensitivity analysis
shows that changes of the system parameters that increase the contention level (rising the update rate per MBC)
cause the performance gap between the MVCC-SFBVC protocol and its contenders to widen, while changes that
reduce contention (increasing the client cache size) cause the gap to narrow. For example, with regard to the
throughput metric the relative performance difference between MVCC-SFBVC and the MVCC-SFBUS scheme
widens from 1.6% to 5.6% for the 0.95 workload. It is also important to notice, that the relative performance gap
between the protocols expands if the client data access behavior is less skew. The reason for the widening gap
observed when data references are more evenly spread across the database is the same that causes the
performance gap to broaden when the contention level is increased, namely the number of fetch requests rises

relative to the MVCC-SFBVC scheme.

Changing the length of the broadcast cycle by increasing the broadcast factor from 0.2 (only 20% of the most

frequently accessed objects of the database are disseminated) to 1.0 (all database objects are broadcast) gives us
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some insight on how our protocols perform under a larger air-cache. Increasing the broadcast contents leads to a
performance decline for all protocols. As Figure 7 shows, the throughput rate per second exponentially decreases
from 4.50 to 0.79 for the MVCC-SFBVC scheme under the 0.95 workload when the broadcast factor is increased
from 0.2 to 1.0. In this case, however, the throughput deterioration is not caused by an increase in contention, but
merely by longer wait times for requested objects that appear on the broadcast channel. Broadcast latency occurs
in the system as probe wait time and broadcast wait time [[VB97]. Both factors increase proportionally to the
size of the broadcast cycle assuming a flat broadcast schedule. Hence, irrespective of the underlying concurrency
control protocol, clients have to wait longer till the desired index segment or the requested object appears on the
channel. One promising way to avoid long broadcast wait times is to allow clients to request objects directly
from the server despite their appearance on the broadcast channel. In order to prevent the uplink network from
becoming the performance bottleneck, the mobile broadcasting system may use an uplink usage threshold
[AFZ97] to balance the usage of the uplink and broadcast channel. Further, in Figure 7 we depict how the FRR
varies when varying the percentage of database items broadcast. It is interesting to note that the FRR peaks for
all investigated protocols when about 40% of the database objects is disseminated. The reason is that under such
a broadcast channel configuration the number of PLEs for each committed read-only transaction is the lowest
compared to other broadcast factors. Additionally, the tabular presentation of the results in Figure 7 shows that

the performance difference between the four protocols varies insignificantly with changes in the broadcast factor.

To determine whether our proposed ILs are also viable for high-bandwidth (stationary) broadcasting networks,
we varied the broadcast channel bandwidth from today’s value of wired networks (100 Mbps for Ethernet) to
that of direct broadcast satellites. We also changed the bandwidth of the point-to-point connection to 100 Mbps
since we now assume that the client is connected to a stationary LAN. As intuitively expected, the simulation
results presented in Figure 8 show that the variations in the network bandwidth and delay improve the
performance of all protocols significantly. For example, for the MVCC-SFBVC protocol the throughput rate per
second increases from 9.07 to 17.84 when raising the network bandwidth from 20 Mbps to 100 Mbps under the
0.95 workload. Throughput results for the 0.80 workload are slightly different from those of the 0.95 type. As
illustrated in Figure 8, the throughput performance peaks at a broadcast bandwidth of 60 Mbps for all protocols.
The reason is that with increasing bandwidth broadcast cycles become shorter thus resulting in a higher number
of updates per broadcast unit. If more objects are updated in a shorter time, data and resource contention
increases and, hence, more client and air-cache misses occur. As a consequence, more object fetch requests need
to be sent to the server imposing a higher load on the database server which, in turn, penalizes the server
response time and, consequently, the transaction throughput rate per second. Since clients running transactions
under the 0.80 workload suffer from higher message/commit rates than those who execute their transactions
under highly skewed access patterns, the cost/benefit tradeoff balances out at a lower bandwidth. With respect to
the effect of the change of the broadcast bandwidth on the relative performance deviation of the investigated
protocols we obtain mixed results. While performance gap between the MVCC-SFBVC protocol and the
MVCC-SFBUS scheme narrows for the 0.95 workload, it widens under the 0.80 workload. In general, the

relative performance difference widens between MVCC-SFBUS and its counterparts.
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Another network parameter worth investigating is the propagation delay. As mentioned before, in order to speed
up our simulator we experimented with network routing and propagation delays that exist in slow LAN
networks. To investigate whether our simulation results change under more realistic conditions, we changed the
RTT from 20 ms to 300ms. As the results, depicted in Figure 9, indicate, MVCC-SFBVC still outperforms the
other protocols. When comparing the relative performance difference between the protocols under the 20ms
simulation setting with those measured under the slow propagation network (Figure 9), we note that the gap
between the protocols widens with an increase in network latency, i.e., the relative performance results of our

simulation study are conservative estimates of the real values.

Finally, we varied the length of the transactions that modify the state of the database during MBCs. We observed
that the relative performance difference between all protocols decreases when the size of the update transactions
grows. As Figure 10 shows, the gap between the protocols incorporating the forward read property becomes
insignificant when the update transaction size moves beyond 40 objects. On the contrary, if the transaction
length is smaller than 25 objects, a wider performance gap is observed than the one experienced under the
baseline setting of the simulator. The reason for the narrowing performance gap when the update transaction
length becomes larger is related to an increase in the probability that concurrent update transactions conflict with
active read-only transactions and therefore disqualify for read forward purposes. As evidence, consider the
relative difference in the number of prohibition list entries between the “read forward” protocols under various
transaction lengths. While the gap between the MVCC-SFBVC protocol and the MVCC-SFBUS and MVCC-
SFBS scheme is 26.5% and 55.9%, respectively, for the 0.95 workload with a transaction length of 5 objects, the

divergence in performance has nearly faded for update transactions of 50 objects in length.

Note that all the graphs and tables depicting the results of our sensitivity analysis are contained in the Appendix

B.

6  Comparison to Related Work

While a lot of research has been directed towards data management in broadcast environments, only few studies
have been conducted on transaction processing. The topic of transaction processing in the data broadcasting area
was first discussed in the Datacycle project [HGL+87]. There, transaction processing is based on an optimistic
concurrency protocol that guarantees serializable execution of both read-only and read-write transactions. Unlike
the certification protocol considered in [Bar97], transaction validation is entirely done at the server. More recent
work conducted by [PC99a] is entirely concerned with concurrency control of read-only transactions. In their
paper three concurrency control techniques are introduced that ensure serializability to read-only transactions: a)
invalidation-only method, b) serialization-graph testing, and ¢) multi-version broadcast. Like our MVCC-BS or
MVCC-SFBS schemes, the latter method exploits multi-versioning to reduce the likelihood of transaction aborts
and to increase the tolerance to potential disconnections. However, in contrast to our protocol, [PC99a] utilizes
the air-cache to store multiple object versions which causes longer broadcast cycles and consequently leads to
longer response times. In a later work, [PC99b] adapted all three proposed concurrency control methods to

provide serializability guarantees to read-write transactions. [SNP+97, SNS+99] were the first to recognize that
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serializability is mostly too expensive and therefore inadequate for transaction processing of read-only
transactions in broadcasting environments. They suggested to run read-only transactions at the View Consistency
level and proposed the APPROX algorithm with two implementations namely F-Matrix and R-Matrix. Like our
proposed concurrency control schemes, the implementations of the APPROX algorithm ensure that read-only
transactions always read transaction consistent and current data (as of the beginning of the broadcast cycle when
the last read is performed). However, as APPROX is a single version concurrency algorithm, it is less tolerant to
data conflicts. Additionally, it suffers from high time and space overheads as the computation of control
information at the server is complex and the space requirements for control data are quadratic to the number of
database objects. In [MLS99], a multi-version optimistic concurrency control protocol with timestamp
adjustment was proposed for a hybrid data delivery environment. However, like the APPROX algorithm, the
protocol uses 2-versioning at the server and allows clients to keep only a single object version. Therefore it is

likely to suffer from a higher abort rate than our schemes.

7  Conclusion

In this paper, we have presented four new ILs suitable for managing read-only transactions in the broadcasting
environment. We have shown examples that illustrate the usefulness of all defined ILs depending on the
respective application and user requirements. Furthermore, we have described a suite of MVCC protocols that
implement the defined ILs in a hybrid data delivery environment. A performance study finally compared the
implementations of our defined levels. Our study experimentally confirmed the hypothesis that protocols with
weaker correctness requirements outperform implementations of stronger ILs. Further, it was shown that the
MVCC-SFBVC scheme is the best concurrency control mechanism for cacheable transactions in both mobile
and stationary broadcasting environments. Thus, MVCC-SFBVC should always be the first choice for
processing read-only transactions in dissemination-based environments whenever read-only transactions are not
required to serialize with the complete set of committed transactions in the system. Otherwise, the MVCC-SFBS

protocol is to be used.

There are several ways in which our work can be extended. First, as noted before, our defined ILs allow only
consistent transaction processing with firm data currency guarantees. Since such “strong” data currency
requirements are too restrictive in cases where mobile clients intentionally or accidentally disconnect from the
server, there is a need for additional ILs that incorporate weaker data currency requirements. Thus, it would be
necessary to extend our suite of ILs by new ones that would be more appropriate for disconnected transaction
processing. In this respect, it would be important that the new levels should be similar to our ILs to ensure that
users and programmers do not have to deal with an inconsistent set of IL definitions. Second, since we have
modeled our broadcasting infrastructure in the absence of disconnections, our data dissemination system needs to
be extended for dealing with such conditions. To allow mobile clients to reason about the fate of those active
read-only transactions executed during some period of disconnection from the server, an efficient way is
required to inform mobile clients of updates that took place during that time. One viable approach would be to
maintain a history of CCRs at the server and to disseminate past and recent CCRs together on the broadcast

channel or to deliver them on request to the reconnected client. Finally, the evaluation of the performance of our
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ILs can be extended to consider a system architecture that consists of a multi-version, multi-disk broadcast

organization, a multi-version server, etc.
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Appendix A

In the appendix, we outline the proofs of Theorem 1-4 and present the results of our sensitivity analysis for a

number of different simulation parameters.

Proof of Theorem 1: We prove Theorem 1 by contraposition. We try to show that if any of the conditions of
Definition 11 are false, then ST-MVSG(MVH) contains a cycle. Suppose that MVH is a non-serializable multi-
version history, i.e., there exists a serialization order [Ty, T, ..., Ty, T;] such that T, arbitrarily depends on T, T;
arbitrarily depends on ..., and T, arbitrarily depends on Ty. By Definition 12, there is an edge T;  T; in ST-
MVSG(MVH) whenever Tj arbitrarily depends on T;. Thus, ST-MVSG(MVH) contains a cycle whenever MVH
is non-serializable. Next, suppose that the BOT data currency property is violated. That is, there exists a pair of
operations rj[x;] and wi[x;] such that either w; << wi and ¢y yyn bjor bj  vvn ci. By Definition 12, there exists
an edge T; T;. Since T; write-read depends on T; there is also the edge T;  Tj in ST-MVSG(MVH).
Therefore, ST-MVSG(MVH) contains a cycle.

Proof of Theorem 2: We show that the contra positive of Theorem 2 holds. If property 1 of Definition 13 is
violated, then MVH is a non-serializable history and SFR-MVSG(MVH) contains a cycle. Now suppose that
requirement 2 of Definition 13 does not hold. That is, there exists a pair of operations r;[x;] and w;[x;] such that
either

1. ¢ wmvnb;and there exists a write operation wi[x,] such that ¢, mvn b;, X; << x or

2. b, wmvm c, cj[xj] <mvuTixjand T;  Tjor

3. by wmva G, ¢[x] <mvn 1[x], Ti s T and there exists a write operation wi[xi] such that ¢,

mva by, X; << x.

In the first case, there is an edge T; T according to point 2 of Definition 14 and an edge T;  T; since T; write-
read depends on T;. Thus, SFR-MVSG(MVH) contains a cycle. In the second case, there is an edge T;  T; since
T; directly reads from T;. Furthermore, the fact that T; is not allowed to read forward on objects written by T;
implies that the serializable forward read property is violated. By point 3 of Definition 14, there is an edge T;
T; in SFR-MVSG(MVH). Thus, SFR-MVSG(MVH) is cyclic. In the last case, there is an edge T;  T; from part
4 of Definition 14 and an edge T; T, since T; directly reads from T;. Again, SFR-MVSG(MVH) contains a

cycle.

Proof of Theorem 3: We again show that the contra positive of Theorem 3 holds. If requirement 1 of Definition
16 is violated, then MVH is not consistent with the Update Serializability criterion and SFR-SQ-MVSG(MVH,
T;) contains a cycle for some read-only transaction T; in MVH. Now suppose that requirement 2 of Definition 16
does not hold. That is, there exists a pair of operations r;[x;] and w;[x;] such that either

1. ¢ wmvnb;and there exists a write operation wi[x,] such that ¢, mvn b;, X; << x or

2. b wmvkcg,clx] <mvarlx]and T; 4 Tjor
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3. b, wmvm c, cj[xj] <mvh Ii[Xj], Ti  wst Tj and there exists a write operation wi[x,] such that ¢,

mva by, X << x.

In the first and the third case, SFR-SQ-MVSG(MVH, T;) contains a cycle for the same reasons as given by
proving the correctness of Theorem 2, In the second case, there is an edge T; T since T; write-read depends
on T;. Further, since Ti s Tj there is either an edge T; T; because ReadSet(MVH, T, [b;, cj])
WriteSet(MVH, Tj]) @ or an edge from T; to some read-write transaction T that committed after T;’s starting
point but before T;’s commit point since  Ti ust Tx. By Read Rule 2, their exists a sequence [Ty Ty Tpp...

T  Tj(m 1)] of edges in SFR-SQ-MVSG(MVH, Tj;) since T; arbitrary depends on Ty. Thus, SFR-SQ-
MVSG(MVH, T;) contains a cycle.

Proof of Theorem 4: The correctness of Theorem 4 can be proved using the same logical reasoning as given by

proving Theorem 3.
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Appendix B

Appendix B presents the performance results of our sensitivity analysis.
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Messages / Commit

Throughput / Second
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e MVCC-SFBS (0.95)

—e— MVCC-SFBVC (0.80)
--%--- MVCC-SFBUS (0.80)
- MVCC-SFBS (0.80)

7 A

Concurrency Control Protocol
Client Cache] MVCC- | MVCC- | MVCC- | MVCC- | MVCC- | MVCC-
Size SFBUS | SFBS BS SFBUS [ SFBS BS
Access Pattern (Theta) 0.95 | Access Pattern (Theta) 0.80
100 7.6% 8.0% 93.9% [4.2% 7.2% 99.6%
200 2.6% 3.7% 84.8% [3.7% 4.7% 98.0%
300 1.6% 1.7% 80.3% [3.9% 4.5% 97.2%
400 1.0% 1.6% 76.4% |3.5% 4.0% 96.1%
500 1.0% 1.5% 74.0%  [2.2% 2.4% 96.0%
100 150 200 250 300 350 400 450 500
Client Cache Size
Concurrency Control Protocol
Client Cache|] MVCC- [ MVCC- | MVCC- [ MVCC- | MVCC- [ MVCC-
Size SFBUS | SFBS BS SFBUS [ SFBS BS
Access Pattern (Theta) 0.95 | Access Pattern (Theta) 0.80
100 6.3% 6.9% 62.4% [3.4% 5.7% 70.3%
200 6.2% 9.8% 77.8% [5.3% 8.8% 80.4%
300 4.9% 8.5% 83.4% [7.8% 9.9% 84.6%
400 4.4% 6.2% 86.7% [6.6% 9.1% 87.8%
500 1.7% 5.8% 89.8% |4.5% 4.7% 89.3%
100 150 200 250 300 350 400 450 500
Client Cache Size
Concurrency Control Protocol
Client Cache] MVCC- | MVCC- | MVCC- [ MVCC- | MVCC- | MVCC-
Size SFBUS | SFBS BS SFBUS | SFBS BS
Access Pattern (Theta) 0.95 | Access Pattern (Theta) 0.80
20 100 8.9% 9.2% 92.9% |1.8% 8.1% 99.5%
200 2.6% 3.8% 82.5% |2.6% 4.7% 97.7%
15 300 1.8% 2.3% 77.6% |3.4% 3.7% 96.8%
Y 400 0.7% 1.7% 73.1% [2.3% 3.5% 95.6%
‘ ‘ | 500 0.1% 1.8% 70.6% |2.0% 2.3% 95.5%
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Figure 5: Effect of the client cache size on the transaction throughput rate, the abort rate, the number of messages

sent per committed transaction, the forward read ratio, and the number of prohibition list entries
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Figure 6: Effect of the number of object updates per MBC on the transaction throughput rate, the abort rate, the

number of messages sent per committed transaction, the forward read ratio, and the number of prohibition list

entries
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Figure 7: Effect of the number of objects broadcast per MBC on the transaction throughput rate, the abort rate,

the number of messages sent per committed transaction, the forward read ratio, and the number of prohibition list

entries
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Figure 8: Effect of broadcast channel bandwidth on the transaction throughput rate, the abort rate, the number of

messages sent per committed transaction, the forward read ratio, and the number of prohibition list entries
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Figure 9: Effect of the network latency on the transaction throughput rate, the abort rate, the number of messages

sent per committed transaction, the forward read ratio, and the number of prohibition list entries
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Figure 10: Effect of update transaction size on the transaction throughput rate, the abort rate, the number of

messages sent per committed transaction, the forward read ratio, and the number of prohibition list entries

49




