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Abstract:

Thework describedn this articlearisesfrom two needs First, thereis still a needfor providing moresophis-

ticateddatabassystemgshanjustrelationalones.Secondlythereis a growing needfor distributeddatabases.
Theseneedsareadressedby fragmentingschemataf a genericobjectdatamodelandproviding anarchitec-
turefor its implementation Key featuresof the architecturearethe useof abstractommunicatingagentgo
realizedatabast¢ransactionandqueriestheuseof anextendedremoteprocedurecall to enableremoteagents
to communicatevith oneanotherandthe useof multi-level transactionsLinguistic reflectionis usedto map
databasschematao thelevel of theagentsTransparencfor the userss achiered by usingdialogueobjects,

which areextendedviews on thedatabase.

1 Intr oduction

The amountof datathat is collectedand storedin
databasess steadily growing. In mary casesthe
structureof thesedatais not adequatelyreflectedin
thedatabasschemandquerylanguagesE.g.,mary
databasesontainingimportant biological data, are
organizedmore or lessasflat files. In addition, the
centralizationof datain a big central databasebe-
comesmore and more a handicapfor efficient data
processing. As dataarisesat variouslocationsand
will be usedat various other locationsas well, the
needfor datadistributionincreases.

As to the structureof the data,the researctin the
lastdecadéhasinvestigatedcomplec values,.e., data
constructedoy varioustype constructorsand refer
ences/ links betweendata— which in factleadto
infinite, yet finitely representablstructures.The ob-
ject orienteddatamode(OODM) from (Scheve and
Thalheim,1993)allows thesedifferentaspectdo be
combined.Startingfrom anarbitraryunderlyingtype
systema schemais definedasa setof classesgach

of which combinescomplex valuesand references.

Thus,thetheoryof thatdatamodetanbetailoredac-
cordingto the underlyingtype system.This hasbeen
exploitedin (Scheve, 2001)to definea genericquery
algebra.

Thus,in orderto satisfythe identifiedneedst is a
naturalideato develop a distributeddatabaseystem
basedon this OODM. The first problemthat hasto
be addressedks thedistribution of the data. The frag-
mentatiorof OODM schematdave beenrecentlyad-
dressedn (Schave, 2002);the problemof allocation
is still open. Theresultof fragmentatiorandalloca-
tion will be still an OODM schema,but eachclass
will beallocatedo exactly onenode— or in thecase
of replicationseveral nodes— of a network. As a
consequencthe global objectscorrespondingdo the
original schemawould be representedby severallo-
cal objectsfor thefragmentedschema.

However, the structureof logical local objectsis
still complex, whereasefficient storageandretrieval
wouldrequireto provide justrecordsstoredon pages.
Thisimpliesto furtherdecomposebjectsaswe move
closerto the physicalstorage sothatwe obtainmul-
tiple levelsof objects.

The existenceof multiple levels for objectssug-
geststo exploit the conceptof multi-level transac-
tions (Beerietal., 1989; Schave et al., 2000)for the
databasdunctionality. Multi-level transactiorsched-
uler exploit thefactthat mary low-level conflictsbe-
comeirrelevant, if higherlevel operationsemantics
are taken into account. The systemusesthe hy-
brid multi-level concurreng control protocol FoPL



(Scheve et al., 2000; Kirchberg and Schave, 2001)
aswell asthe more familiar two-phaseocking pro-
tocol (Weikum,1991;Kirchberg and Schave, 2001).
Botharecombinedwith amulti-level recorerysystem
(Schave et al., 2000; Kirchberg, 2002) basedon the
ideasfrom the ARIES system(Mohanetal., 1992).
The multiple objectlevels arealsoreflectedin the
operationakystem which exploits the ideasof two-
stackmachineqSubieta,1991; Subietaet al., 1993)
to implementdatabasdunctionality, andin particu-
lar, to integratethe processin@f queriesandtransac-
tions. However, thesemachineshave to be extended
in a way thatthey cancommunicatewvith eachother
including communicatiorvia remoteprocedurecall,
runin parallel,arecoupledwith the transactiorman-
agerandthepersistenbbjectstore,andreflecttheop-
erationson higherlevels of the multi-level system.
Two moreproblemshave to beaddressedThefirst
oneconcernghetransformatiorof high-level queries
andoperationgo thelevel of communicatingagents.
For this we exploit linguistic reflection(Stempleand
Sheard,1991; Stempleet al., 1992). We provide a
macrolanguagein which thehigh-level constructsn
transactionsuchasgenericupdateoperationsandthe
high-level algebraconstructgor queryingcanbefor-
mulated.In (Stempleetal., 1990)it hasbeenshovn
how linguistic reflectioncanbe usedto expandsuch
macrosfor the caseof query algebraconstructs. In
(Scheveetal., 1994)linguisticreflectionhasbeenap-
pliedto expandmacrosfor genericupdateoperations.
The secondproblemconcerngransparenyg at the
userinterface.We follow theideato provide dialogue
interfacesbasedon dialogueobjects,which are de-
fined by extendedviews (Schave andSchave, 2000).

Outline. In Section 2 we give a more detailed
overview of the architecture. Section3 then briefly

describeshe datamodelthe userinterfaceintegra-
tion, fragmentatiorandlinguistic reflection. In Sec-
tion 4 we describemoredetailsof thecommunicating
agents,the network communication,and the multi-

level transactiormanagement.

2 Architecture Overview

Figure 1 illustrates the multi-level architecturefor
distributedobjectbase®n eachsite of a network. As
virtually all moderndatabasesystemsthe proposed
systemhasa layeredinternalarchitecture Eachlayer
has an interface that provides servicesinvoked by
the layer above it to implementtheir higher level
services. We now introducetheselayersin more
detail startingwith the physicalstorage.
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Figurel: Architecturefor DistributedObjectBases

The databaseanbe seenasa collection of physical
objectsstoredonaphysicalstoragedevice. Theseob-
jectscanbe accessethroughthe SystemBuffer and
RecordAdministrationSener (SyBRAS).It provides
efficient accesdo physicalobjects(synchronizedy
latches)and physicaldataindependenyg, guarantees
persisteny for objectsetc.

The PersistentObject Store (POS) sits on top of
SyBRAS.It providesanotherlevel of abstractiorby
supportingstorageobjects. Storageobjectsare con-
structedfrom physical objects, e.g., records. POS
maintainsdirect physicalreferencedetweenstorage
objects andoffersassociatie,object-relate@ndnav-
igational accessto theseobjects. Accessrefersto
thelinkagebetweerstorageobjectsin orderto recon-
structobjects— in this casdogicallocal objects— of
amore complex structure.Associatve accessneans
thewell-known acceswia key values.Object-related
accessefersto directobjectaccessisingobjectiden-
tifiers. Navigationalaccesss relatedto the propaga-
tion alongphysicalreferencesPleasesee(Zezulaand
Rabitti, 1993;Kuckelbeig, 1998)for moredetails.

Communicatingagentsimplementthe functional-
ity of thewhole system.They integratethe process-
ing of queriesmethodsassignedo objectsandtrans-
actions. Furthermore they are responsiblefor dis-
tributing requestdo (remote)agentsthat storecorre-
spondingobjectsor procesgequestsnoreefficiently.



In the presenceof replication, they have to ensure
data consisteng by applying a certain replication
schemata.Thesecommunicatingagentsarerealized
astwo-stackabstractmachineg2SAMs). Eachagent
consistsof two levels. Lower levels link with POS
and employ 2SAMs that deal with logical local ob-
jects. Higher level machinesact as coordinatorsfor
transactionsand, thus, deal with logical global ob-
jectsthatareconstructedrom logical ‘local’ objects.
On bothlevels multiple 2SAMs may processconcur
rently. In orderto take advantageof concurrentpro-
cessingand the distributed architecture2SAMs can
distribute requestdo 2SAMs employed on the same
level. However, only thosemachineson the higher
level are equippedwith an extendedRPC enabling
themto distribute requestso remoteagents.

Having thesemultiple objectlevels— the storage,
thelogical localandthelogical global objectlevel —
we cantake advantageof a moresophisticatedrans-
actionmanagemensystem.It is basedon the multi-
level transactiormodel (Beeriet al., 1989)which is
countedas the mostpromisingtransactiormodelin
theory

The transactionmanagemensystemcontrols the
executionof operation®©f communicatingagentsand
POS. Hence, it ensureslocal and global serializ-
ability. It consistsof two components,a transac-
tion manageranda recovery manager The transac-
tion managettakes advantageof 1) benefitscoming
with the detectionof pseudoconflictand 2) the fact
that serializability of a multi-level schedulecan be
achieved by serializing concurrentoperations/(sub-
)transactiongevel-by-level (Weikum, 1991). Hence
differentlevel-specificconcurreng control protocols
canbeemployed. We currentlysupportthe strict two-
phaselocking protocol (st-2PL) and FOPL — a hy-
brid protocol— with certainoptimizations(Schave
et al., 2000). They canbe usedin all possiblecom-
binationsdependingon the expectedconflict proba-
bility on the correspondindevel. The correspond-
ing multi-level recovery managerguaranteesatom-
icity, durability and dataconsisteng. Therefore,it
hasto maintain a log reflecting all updatesto ob-
jectson all levels, supportcompleteand partial un-
dosof (sub-)transactiongedo of (sub-)transactions,
crashrecovery, etc. This functionalityis provided by
the ARIES/ML recovery mechanism(Schave et al.,
2000; Kirchberg, 2002)which is an extensionof the
well-known, sophisticatedRIES recoveryalgorithm
(Mohanetal., 1992)to multi-level systems.

On the logical level, datais describedn termsof
a datamodel. Our systemis basedon the generic

Yocal' doesnotreferto thelocal machinein this case.
It referseitherto logical local objectsstoredon the local
machineor to logical local objectsprovided by a remote
agent

object-orientedlatamodelpresentedn (Scheve and
Thalheim,1993). It considersobjectsasabstractions
of realworld objects. The OODM distinguishede-
tweenvaluesandobjects. Every objectconsistsof a
unigue,immutableidentifier, a setof (type-, value-
)pairs,a setof (reference-pbject-)pairsand a setof
methods.The OODM is basedbn anunderlyingtype
systemandsupportsary arbitraryone. Typesareused
to structurevalues.Classesenre asstructuringprim-
itive for objectshaving the samestructureand be-
haviour. A schemds givenby a collectionof classes.
The operationgprovided by the underlyingtype sys-
templusasinglejoin operatorallow to definea cor
respondingyenericqueryalgebra(Schave, 2001).

In orderto supportdistribution certainfragmenta-
tion techniquesare employed. Theseare splitting,
horizontal fragmentationand vertical fragmentation
(Scheave, 2002). For this purposeglassesareconsid-
ered.Eachclassis assignedo exactly onenode— or
in caseof replicationto severalnodes— of anetwork.
Hence fragmentatiordecomposethe global objects
correspondindo the original schemanto severallo-
cal objectscorrespondindo the fragmentedschema.
Having fragmentationand a class+ noderelation-
ship,we still mustallocatethefragments— including
fragmentednethods— to the correspondingnodes.

Local objects, resulting from the fragmentation
processdo not correspondlirectly to logical global
objectsas processedy the communicatingagents.
Furthermore high-level queries,transactionspbject
methodsetc needto be translatednto codethat can
be interpretedby communicatingagents. This con-
ceptualgapbetweerthelogical OODM-level andthe
communicatingagentsis bridgedby a persistentre-
flectiveintermediatdanguaggPRIL). PRIL will sup-
port linguistic reflection(Stempleand Sheard,1991;
Stempleetal., 1992). We provide a macrolanguage,
in whichthehigh-level constructsn transactionsuch
as genericupdateoperationsand the high-level al-
gebraconstructdor queryingcan be formulated. In
(Stempleetal., 1990)it hasbeenshaovn how linguis-
tic reflectioncanbe usedto expandsuchmacrosfor
thecaseof queryalgebraconstructsin (Schaveetal.,
1994)linguistic reflectionhasbeenappliedto expand
macrosfor genericupdateoperations.

The internalrepresentatiof objects,replication,
datadistribution, etc is hiddenfrom the user This
is realizedby the userinterface. It providesdialogue
interfacesbasedon dialogueobjects,which are de-
finedby extendedviews (Schave andScheave, 2000).
Thesedialogueobjectscanbecreatedanywherein the
network. Initiating an operationassociatedvith such
a dialogueobjectwould createa masteragentat the
users node, and start executinga top-level transac-
tion.



3 The Datamodeland its Interfaces

In this sectionwe briefly describethe OODM from
(Scheve and Thalheim,1993),a genericapproactto
gueryalgebraqgScheave, 2001),an extensionto inte-
gratedialogueinterfaceq Schave andScheave, 2000),
an approachto fragmentOODM schematgScheave,
2002), and the idea of linguistic reflection and its
usein expandingmacrosfor queriesandtransactions
(Stempleetal., 1990;Scheve etal., 1994).

The Object Oriented Datamodel. IntheOODM a
databaseschemais a finite setof classes.Basedon
the fundamentatistinctionbetweengeneralabstrac-
tionscalledvaluesandapplication-dependaabstrac-
tions calledobjects,the OODM distinguisheglasses
from types(Beeri, 1990). Typescanberoughly seen
as denotingsetsof values? Thus, we provide an
underlyingtype system,e.g.,t = b | z | (a1 :
t1,...,an : tn) | {t} | [t] | {t) (usingabstractsyn-
tax). Here,b representsry collectionof basetypes
including one type ID to be usedfor objectidenti-
fiers,andat leastonefurthertype. x representsype
variables.(-), {-}, [[] and{-) provide constructorgor
tuple,set,list andmultisettypes.

Givenary typesystemthestructuralpartof aclass
C' is definedby a structule expressionezpc, which
resultsfrom a type without occurrenceof ID by re-
placingall typevariablese; by references; : C; with
referencenames; andclassnamed’’;, andby theset
of supeclasses Obviously, the classnamesappear
ing in referencesandsuperclassemustbe definedin
aschemaThebehaiouralpartof aclasss definedoy
operationghatareassociateavith theclass.Suchop-
erationsaredefinedusingtheusualcontrolconstructs
of imerative languages.

In orderto definedatabase®ver a givenschema,
we alsoneedtherepresentationtypeT for aclassC,
whichis simply obtainedfrom exzpc by replacingthe
referencedy thetypelD. Thenin adatabasé® each
classC of theschemas representetly avalueD(C)
of type {(id : ID,val : T¢)}, i.e., by afinite setof
identifiervalue pairs. Obviously, we have to require
someconstraintdo besatisfied:uniquenessf identi-
fiers,inclusionintegrity with respecto superclasses,
andreferentialintegrity with respecto references.

However, thereis anotherimportantrequirement
on databasesgalled value-epresentability a neces-
sary and sufficient condition for the existence of
genericupdateoperationsaandthe uniqueidentifiabil-
ity of objects.To explainthis propertyassumehatfor

2This is not completelycorrectaccordingto the exis-
tenceof type polymorphismasdiscussedn (Cardelliand
Wegner 1985; Mitchell, 1990). However, for our purposes
herethis view sufices.

each(i,v) € D(C) weexpandthevaluev into aratio-
naltree,i.e.,wheneeranidentifieri’ occurswithin v
andthisidentifiercorrespondso thereference- : C’,
thenwereplacei’ in v by theuniquevaluev’ suchthat
(i',v") € D(C"). This of courseresultsin aninfinite,
yet finitely representabléree. Valuerepresentability
requirestheserationaltreevaluesto be uniquewithin
eachclass. For formal detailswe refer the readerto
(Scheve andThalheim,1993).

Query Algebra. Asin principlethe OODM canbe
basedon ary underlyingtype system,the definition
of querylanguagesncluding queryalgebrasequires
also somesophistication. In (Schave, 2001) it has
beenshawn that a query algebracan always be de-
fined in a genericway consistingof operationsin-

ducedfrom the underlyingtype systemsanda single
generalizedoin operator

Dialogue Interfaces. In generaluserissuedtrans-

actionswill involve different operationson various

classes.This remainstrue for distributed schemata.
The work in (Scheve and Schave, 2000) provides

a mechanismto integrate the interface with the

databaseThis is doneby definingdialogueclasses

Fragmentation. In orderto supportdistributionwe

have to fragmenttheunderlyingOODM schemaThe

work in (Scheve, 2002) generalizeshorizontal and

vertical fragmentatiorfrom the relationaldatamodel

to the OODM. In addition,athird kind of fragmenta-
tion calledsplit fragmentationis introduced.

Linguistic Reflection. Userissuedransactionand
querieswould involve the complex operationsof the
queryalgebra.e.g.,the generalizedoin, andgeneric
updateoperations(insert, update,delete). Each of
theseoperationsnvolvesto analysethe schemaand
to computethe requiredtypes. It is known that both
joins and genericupdatesare not parametricopera-
tions (Stempleet al., 1990; Scheve et al., 1994). In
orderto realize suchcomplex operationswve needa
techniquecalledlinguistic reflection

Roughly speaking,we will considertheseopera-
tionsasmacrosin our languageor operations.Then
the purposeof linguistic reflectionis to expandthese
macrosandto replacethemby ordinaryoperations.

The basicideaof linguistic reflectionis to usere-
flection typessuchas SCHEM A,ep, CLASSyep,
TY PE,.p, METHOD,.p,, etcfor therepresentation
of abstracsyntaxexpressionsepresentingchemata,
classestypes,methodscommandgmethodbodies),
etcrespectiely. For eachof thesethereexistsafunc-
tion raiseassociatingvith this syntacticexpressiora
true schemaclass type,etcrespectiely.



So,in particularthe macrosfor the comple query
and updateoperationswould first turn the classes,
types,etcfor which they areto be definedinto values
of the correspondingeflectiontypes. This is the ef-
fect of applyingthe operationdrop. Thenthecompu-
tationwould be performedon thesevaluesof therep-
resentatiortypes. Finally, the resultwould be raised
resultinginto actualoperations.For technicaldetails
of reflectionwe refer the readerto (Stempleet al.,
1990)for complex query operationsand for updates
to (Scheveetal., 1994).

4 The Operational Ar chitecture
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In this sectionwe focuson the operationalarchitec-
ture. A more detailedoverview is shovn in Figure
2. We now briefly describean extensionto two-stack
abstracmachineqSubietaetal., 1993),communica-
tion mechanism$or thosemachinesandanapproach
to multi-level concurreng control (Weikum, 1991;
Schave et al., 2000; Kirchberg and Schave, 2001)
andrecovery (Scheve etal., 2000;Kirchberg, 2002).

4.1 Communicating Agents

The relationship between query languages and

general-purposgrogramming languageshas been
studiedsincedecadesThe popularclassificatiordis-

tinguishesbetweenthe embeddedndintegratedap-

proach. The standardsolution, namely embedding
a querylanguagen the programminganguagesuf-

fersfrom problemscollectively known asimpedance
mismatch. Alternative, integratedapproachesuch
asPascal/R Napier88,0,C, LOQIS (Subieta, 1991),

etc circumwent theseproblems. Also, commercial
productssuchasOraclePL/SQLintegratequerylan-

guages,in particular SQL, with imperatve state-
ments.

(Subietaet al., 1993) investigatesthe so-called
‘seamlessintegrationof a querylanguaggQL) with
a programminglanguage. Thus, a foundationof a
QL-centralizedprogramminglanguageaccordingto
the traditional paradigmsof the programminglan-
guagesdomainis built. An extendedapproachto
two-stack abstractmachineis proposed. In order
to supportquery languagesthe two stacks— the
ervironment stack £S and the query result stack
QRES — aremodified andthe semanticof query
languageoperatorsaredefinedthroughoperationon
thesestacks. The ervironmentstack ES, as usual,
determinesscopingand binding. The query result
stackQRES is a storagefor intermediatequery re-
sults,usedeitherfor the evaluationof queryoperators
andfor theevaluationof arithmetic-styleexpressions.
However, this approacthassomedravbacks:

1. It is notusablefor distributedsystems.
2. It doesnot supportparallelism.

3. It is not suitablefor large databasesasthe stacks
aremainmemorybased.

4. It is not coupledwith suitableconcurreng control
andrecoverytechniques.

Wewill briefly presenanapproactbasedn (Subi-
etaet al., 1993) that removesthesedrawvbacks. In-
steadof usinga singletwo-stackmachinewe areus-
ing a network of machinesfor realizing a program,
i.e.,atransactioror aquery with therequirednumber
of machineseinggeneratedt run-time at sitesdis-
tributedoveranetwork. Thecommunicatiorbetween
remotemachiness basedn anextendedemotepro-
cedurecall asdescribedn Sectior4.2.
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Figure3: Architecturefor CommunicatingAgents

The seconddrawvback requiresa more sophisti-
cated, efficient architecturefor local 2SAMs which
makesis possibleto distribute tasksamongparallel
2SAMs. Additionally, the 2SAM languagehasto
be extendedwith parallelizationandsynchronization
commands.and new communicationchannelsneed
to be created. Figure 3 shows a correspondingwo-
level architecturefor communicatingagents. Every



agentconsistsof a2SAM anda communicationrmod-
ule. Agentsemployed on the lower level link with
POSandemploy 2SAMsthatdealwith logical local
objects. Agentson the higherlevel dealwith logical
globalobjectsthatareconstructedrom logical‘local’
objects.'Local’ doesnotnecessarilyeferto thelocal
machinesincethe higherlevel is capableof retrieving
objectsfrom remoteagents.

Onbothlevelsmultiple agentsnayprocessoncur
rently. An agentactseitherasa managefor ahigher
level requeste.g.,atop-level transactionpr asa sub-
manageri.e.,asaclient, supportingalocal or remote
(sub-)manageemployed on the samelevel. Every
agenthasthe capability of creatingsub-manageras
required.It hasto maintainalist of its sub-managers
togetherwith informationenablingthe agentto send
furtherrequestdo a particularsub-manageretrieve
results,etc. The communicatiormoduleprovidesthe
functionality to interactwith otheragentsandlayers,
keepstrack of sub-managersand maintainsa list of
requestsand resultswhich have beenrecevved. Lo-
cal agentscaninteractin two modes,asynchronous
or synchronousAsynchronougallsenableagentso
processconcurrently The synchronousnodecorre-
sponddgo sequentiaprocessing.

If we considerFigure3, the2SAM T; actsasman-
ager for the higherlevel requestT;, in this casea
top-level transaction. The requestconsistsof a se-
guenceof operationson logical global objects. The
2SAM T; examinesthis sequencdirst. Afterwards,
someoperationsare distributed to remoteagentsif
necessary Assumetheseremoteoperationscan be
executedndependentlfrom therest. Thus,anasyn-
chronousRPC call is issued. The remainingopera-
tionswill beexecutedby local agents.Therefore the
2SAM Tj tries to optimizetheir processingasksby
forwardingcertain(sub-)taskgo local sub-managers.
Assumethatonly onesub-manage2SAM TjS”bis cre-

atedandboth 2SAMs T; and TjSUb canprocesscon-
currently Thus,anasynchronousall is issuedanda
sequencef (sub-)taskss forwardedto 2SAM 754,
Both agentghenexecutetheir tasks.Within this pro-
cessseveralrequestso thenext lowerlevel areissued.
Theserequestaremainly synchronousnes.As soon
asthesub-manage2SAM Tf”b hascompleteca(sub-
)task,thecorrespondingartialresultis returnedo its
manager The manageiis responsibldor composing
thefinal resultfor every setof partial resultsreceved
from its sub-manager(s).

Since stacks are main memory based and the
amountof datathey processcan get quite large, it
mightbenecessaryo exportpartsof thestackgo per
sistentstorage.A stackcanbeaccessefrom the top
only. Hence,we will keepthe upperpartof a stack
in main memoryand export only its lower part. In
sucha casea 2SAM takesadwantageof the services

Communicating Agen Communicating Agen
Comm Object RPC : Comm
;. 2SAM 2SAM
Module Repositorn Object Module
RPC Client ‘ RPC Server
RPC Protocol

Figure4: Network CommunicatiorArchitecture

providedby the buffer managet. It allows datato be
exportedto andefficiently accessefrom a persistent
storagethroughits pageinterface.

The last drawvback to be removed addresseshe
couplingwith suitableconcurreng controlandrecov-
erytechniquesSectiond.3 proposes corresponding
multi-level transactiormanagemengystem.

4.2 Network Communication

Efficientcommunicatiorcapabilitiesareessentiafor

distributed databasesWe will briefly presenta cor-

respondingextended middleware componentbased
on remoteprocedurecall (RPC).Main differencedo

conventionalRPCsare supportof bulk type values,
referencesandcall-by-referenceFigure4 shows the

basicarchitecturefor our network middlewvare. The
majorcomponentareasfollows:

e RPCClient: Providesinterfaceso communicating
agentdo issueRPCcalls.

e RPCSener: Matchesthe RPCcall from the client
to the correspondingommunicatingagent.

e Object Repository: Stores information about
classesjn particulara class« nodemapping. It
is frequentlyaccessetly the RPCclientto retrieve
detailson how to accessemoteobjects.A copy of
this repositoryis availableon all nodesandkeptin
mainmemoryfor efficiency reasons.

e RPCProtocol:Providesareliableandefficientway
to communicatdetweerRPCclientandsener.

¢ RPCObject:Istheexternalrepresentationf alog-
ical objectthatcontainsflatteningandunflattening
functions.

TheRPCmiddlewareprovidesaccesso remoteob-
jectsandits methods. We supportsynchronousand
asynchrounousequests.One canthink of a request
asablockof sub-requestsAll sub-requestsf ablock
will be forwardedto the sameremoteagent. Such
block requestsallow sub-requesto accesgata,re-
sults, etc of previously executedsub-requestsf the
sameblock. Hence,the amountof datato be ex-
changedetweemodess decreased.

3Thebuffer manageis partof SyBRAS



4.3 ConcurrencyControl &
Recovery

Fromaninternalpointof view, usersaccesslatabases
in terms of transactions. Fast responsetimes and
a high transactionthroughputare crucial issuesfor
all databasesystems. Hence, transactionsare exe-
cutedconcurrently The transactiormanagemergys-
temensures properexecutionof concurrentransac-
tions. It implementsconcurreng control andrecov-
ery mechanismso presere the so-calledACID prin-
ciples. A furtherincreasen both responsdime and
transactiorthroughpuicanbe achiezedby employing
amoresophisticatedransactioomanagemergystem,
e.g., a systembasedon the multi-level transaction
model (Beeri et al., 1989; Weikum, 1991; Schave
et al., 2000; Kirchberg and Schave, 2001). This
mutli-level modelis countedas the most promising
transactioormodel. It scheduleperationsof trans-
actionsbasedon informationobtainedfrom multiple
levels. Sincethereareusuallylessconflictson higher
levels, lower level conflicts can be ignored. Hence,
their detectionincreasesherateof concurreny.

The execution of concurrenttransactionsis de-
scribed by a multi-level schedule. Corresponding
one-level schedulesso-calledlevel-by-level sched-
ules, can be definedfor eachlevel. A multi-level
schedules multi-level serializablef it is equialent
to a serialmulti-level schedule.Accordingto (Beeri
etal., 1989)a multi-level schedulgs multi-level se-
rializable, if all level-by-level schedulesre conflict
serializable.Thus,level-specificconcurreng control
protocolscanbe employed.

The layered systemarchitectureas proposedin
Section2 allows to use the multi-level transaction
modelin a straightforvard manner Figure 2 shows
the correspondingperationaland physicalarchitec-
ture in more detail. It shows that the transaction
managemensystemcontrolsthe executionof oper
ationsof the communicatingagentsand POS.Since
communicatingagentsconsistof two levels a three-
level schedulelis employed. This schedulerconsists
of threelevel-specificschedulers Eachof themem-
ployesa certainconcurreng control protocol. Onthe
highestlevel L, sequencesf 2SAM operationson
logical globalobjectsareserialized.Sucha sequence
always correspondso a top-level transaction.Since
2SAM operation®nlogical globalobjectsareimple-
mentedby sequencesf 2SAM operationsn logical
local objects,the L, schedulercreatesan execution
orderof theseoperation®nlogicallocal objects.The
Ly schedulethentriesto optimizethe outputof the
L, scheduleby serializingthe correspondingpera-
tionsonthelowerlevel of thecommunicatingagents.
And soon. Finally, SyBRAS executesrecordopera-
tionsthatareserializedby the Ly scheduler

The generalapproachto concurreng control is
the use of locking protocols, especiallystrict two-
phaselocking (st-2PL). However, locking suffers
from somemajor problemsaffecting the transaction
throughput. Two of thoseproblemsare transaction
deadlockaindtheimpossibilityto accepall (conflict-
)serializableschedules(Scheveetal.,2000)presents
ahybrid protocolcalledFoPL (forward orientedcon-
currency control protocol with preordered locking),
which is a provably correctprotocol for multi-level
transactionsFoPL doesnot suffer from ary of those
two mentionedproblems. (Kirchberg and Schave,
2001)describedirst experimentakesultsof the basic
FoPL protocolin comparisorio st-2PL. 1t is outlined
that FOPL-basedschedulearemostlikely to outper
form locking basedprotocolsif someof theproposed
optimizationsto FOPL (Scheave et al., 2000)arereal-
ized. However, onehasto considerthatFoPL follows
anoptimisticidea.Hencejt is designedo beusedon
levelswith alow conflict probability only.

Sincewe dealwith distributedtransactionguaran-
teeingserializability as describedabove is not suffi-
cient. Globalserializabilityandone-copy serializabil-
ity (Bernsteinand Goodman,1985) have to be guar
anteedwhendealingwith distributedtransaction®n
replicatedobjects. (Kirchberg, 2002) outlines how
str2PL and FoPL can be usedon the global level
— which is level L,. Guaranteeingylobal serializ-
ability requiresthe use of a commit protocol, e.g.,
two-phasecommit, to ensureatomicity. Additionally,
global deadlockgdetectionmechanismsnustbe em-
ployedif str-2PLis used.FoPL requiresonly globally
uniguetimestampdgo be assignedat the start of the
validationphase Guaranteeingne-coyy serializabil-
ity requiresa certainreplicationscheméo beapplied
(OzsuandValduriez,1999). As far asFoPL is con-
cernednly afew extensionto thisreplicationschema
haveto bedone.(Kirchberg, 2002)alsocomparestr-
2PL andFoPL w.r.t. their efficiency in the presence
of a distributeddata. It is outlinedthatthe necessary
extensiongo FOPL aremuchlessexpensve thanthe
extensiondo str-2PL.

Sinceconcurreng control may force transactions
to be aborted, recorery mechanismsare provided.
So far only a few researchprojects have focussed
on recovery mechanismdor multi-level transactions
(RothermebndMohan,1989;Lomet,1992;Weikum,
1991). However, none of theseapproachesomes
without major restrictionsor disadwantagedimiting
its practicaluse. (Schave et al., 2000; Kirchberm,
2002)outline analternatve approachARIES/ML. It
overcomeghoserestrictionsand disadwantagespre-
senestheir major advantagesand even supportsall
kinds of concurreng control protocols,both inverse
andnon-inverseoperationspartialrollbacksetc.



5 Conclusion

Thisarticleproposesmulti-level architecturdor dis-
tributed object bases. The proposedsystemsmeets
two steadilyincreasingdemands. On the one hand
it supportsa distributed architecturethat is flexi-
ble w.r.t. network architecturesand communication
mechanismsOn the otherhandthe demandfor rep-
resentingcomple, real-world objects, relationships
amongthoseobjectsand even behaiour associated
with themasrealaspossiblds metby describingdata
onthebasisof anobject-orientedlatamodel.

Key featuresof the architectureare the useof ab-
stractcommunicatingagentsandan extendedremote
procedurecall to integratethe processingf queries,
methodsassignedto objectsand transactions dis-
tribute requestgo remoteagentsexploit parallelism,
and act asreplicationand transactiormanagersthe
useof multi-level transactiongo increasedransac-
tion throughput;andthe useof linguistic reflectionto
mapdatabasschematdo thelevel of theagents.
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