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Abstract: Thework describedin thisarticlearisesfrom two needs.First, thereis still a needfor providing moresophis-
ticateddatabasesystemsthanjust relationalones.Secondly, thereis a growing needfor distributeddatabases.
Theseneedsareadressedby fragmentingschemataof a genericobjectdatamodelandproviding anarchitec-
turefor its implementation.Key featuresof thearchitecturearetheuseof abstractcommunicatingagentsto
realizedatabasetransactionsandqueries,theuseof anextendedremoteprocedurecall to enableremoteagents
to communicatewith oneanother, andtheuseof multi-level transactions.Linguistic reflectionis usedto map
databaseschematato thelevel of theagents.Transparency for theusersis achievedby usingdialogueobjects,
whichareextendedviews on thedatabase.

1 Intr oduction

The amountof data that is collectedand storedin
databasesis steadily growing. In many casesthe
structureof thesedatais not adequatelyreflectedin
thedatabaseschemaandquerylanguages.E.g.,many
databasescontainingimportant biological data, are
organizedmoreor lessasflat files. In addition, the
centralizationof data in a big central databasebe-
comesmore and more a handicapfor efficient data
processing.As dataarisesat variouslocationsand
will be usedat variousother locationsas well, the
needfor datadistribution increases.

As to the structureof the data,the researchin the
lastdecadehasinvestigatedcomplex values,i.e.,data
constructedby varioustype constructors,and refer-
ences/ links betweendata— which in fact lead to
infinite, yet finitely representablestructures.Theob-
ject orienteddatamodel(OODM) from (Schewe and
Thalheim,1993)allows thesedifferentaspectsto be
combined.Startingfrom anarbitraryunderlyingtype
systema schemais definedasa setof classes,each
of which combinescomplex valuesand references.
Thus,thetheoryof thatdatamodelcanbetailoredac-
cordingto theunderlyingtypesystem.This hasbeen
exploitedin (Schewe,2001)to defineagenericquery
algebra.

Thus,in orderto satisfythe identifiedneedsit is a
naturalideato developa distributeddatabasesystem
basedon this OODM. The first problemthat hasto
beaddressedis thedistribution of thedata.Thefrag-
mentationof OODM schematahavebeenrecentlyad-
dressedin (Schewe,2002);theproblemof allocation
is still open. The resultof fragmentationandalloca-
tion will be still an OODM schema,but eachclass
will beallocatedto exactlyonenode— or in thecase
of replicationseveral nodes— of a network. As a
consequencethe global objectscorrespondingto the
original schemawould be representedby several lo-
cal objectsfor thefragmentedschema.

However, the structureof logical local objectsis
still complex, whereasefficient storageandretrieval
would requireto providejust recordsstoredonpages.
Thisimpliesto furtherdecomposeobjectsaswemove
closerto thephysicalstorage,sothatwe obtainmul-
tiple levelsof objects.

The existenceof multiple levels for objectssug-
geststo exploit the conceptof multi-level transac-
tions(Beeriet al., 1989;Schewe et al., 2000)for the
databasefunctionality. Multi-level transactionsched-
uler exploit thefact thatmany low-level conflictsbe-
comeirrelevant, if higher-level operationsemantics
are taken into account. The systemusesthe hy-
brid multi-level concurrency control protocol FoPL
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(Schewe et al., 2000; Kirchberg andSchewe, 2001)
aswell as the morefamiliar two-phaselocking pro-
tocol (Weikum,1991;Kirchberg andSchewe, 2001).
Botharecombinedwith amulti-level recoverysystem
(Schewe et al., 2000;Kirchberg, 2002)basedon the
ideasfrom theARIESsystem(Mohanet al., 1992).

The multiple objectlevelsarealsoreflectedin the
operationalsystem,which exploits the ideasof two-
stackmachines(Subieta,1991; Subietaet al., 1993)
to implementdatabasefunctionality, and in particu-
lar, to integratetheprocessingof queriesandtransac-
tions. However, thesemachineshave to be extended
in a way that they cancommunicatewith eachother
including communicationvia remoteprocedurecall,
run in parallel,arecoupledwith thetransactionman-
agerandthepersistentobjectstore,andreflecttheop-
erationson higherlevelsof themulti-level system.

Two moreproblemshaveto beaddressed.Thefirst
oneconcernsthetransformationof high-level queries
andoperationsto thelevel of communicatingagents.
For this we exploit linguistic reflection(Stempleand
Sheard,1991; Stempleet al., 1992). We provide a
macrolanguage,in which thehigh-level constructsin
transactionssuchasgenericupdateoperationsandthe
high-level algebraconstructsfor queryingcanbefor-
mulated.In (Stempleet al., 1990)it hasbeenshown
how linguistic reflectioncanbe usedto expandsuch
macrosfor the caseof queryalgebraconstructs. In
(Scheweetal.,1994)linguisticreflectionhasbeenap-
plied to expandmacrosfor genericupdateoperations.

The secondproblemconcernstransparency at the
userinterface.Wefollow theideato providedialogue
interfacesbasedon dialogueobjects,which are de-
finedby extendedviews(ScheweandSchewe,2000).

Outline. In Section 2 we give a more detailed
overview of the architecture.Section3 thenbriefly
describesthe datamodel,the user interface integra-
tion, fragmentationandlinguistic reflection. In Sec-
tion 4 wedescribemoredetailsof thecommunicating
agents,the network communication,and the multi-
level transactionmanagement.

2 Ar chitectureOverview

Figure 1 illustrates the multi-level architecturefor
distributedobjectbaseson eachsiteof a network. As
virtually all moderndatabasesystemsthe proposed
systemhasa layeredinternalarchitecture.Eachlayer
has an interface that provides servicesinvoked by
the layer above it to implement their higher level
services. We now introduce theselayers in more
detailstartingwith thephysicalstorage.
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Figure1: Architecturefor DistributedObjectBases

The databasecanbe seenasa collectionof physical
objectsstoredonaphysicalstoragedevice. Theseob-
jectscanbeaccessedthroughthe SystemBuffer and
RecordAdministrationServer(SyBRAS).It provides
efficient accessto physicalobjects(synchronizedby
latches)andphysicaldataindependency, guarantees
persistency for objects,etc.

The PersistentObject Store(POS)sits on top of
SyBRAS.It providesanotherlevel of abstractionby
supportingstorageobjects. Storageobjectsarecon-
structedfrom physical objects,e.g., records. POS
maintainsdirectphysicalreferencesbetweenstorage
objects,andoffersassociative,object-relatedandnav-
igational accessto theseobjects. Accessrefers to
thelinkagebetweenstorageobjectsin orderto recon-
structobjects— in thiscaselogical localobjects— of
a morecomplex structure.Associative accessmeans
thewell-known accessvia key values.Object-related
accessrefersto directobjectaccessusingobjectiden-
tifiers. Navigationalaccessis relatedto thepropaga-
tion alongphysicalreferences.Pleasesee(Zezulaand
Rabitti,1993;Kuckelberg, 1998)for moredetails.

Communicatingagentsimplementthe functional-
ity of the whole system.They integratethe process-
ing of queries,methodsassignedto objectsandtrans-
actions. Furthermore,they are responsiblefor dis-
tributing requeststo (remote)agentsthatstorecorre-
spondingobjectsor processrequestsmoreefficiently.
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In the presenceof replication, they have to ensure
data consistency by applying a certain replication
schemata.Thesecommunicatingagentsarerealized
astwo-stackabstractmachines(2SAMs).Eachagent
consistsof two levels. Lower levels link with POS
andemploy 2SAMs that deal with logical local ob-
jects. Higher level machinesact ascoordinatorsfor
transactionsand, thus, deal with logical global ob-
jectsthatareconstructedfrom logical ‘local’ objects1.
On bothlevelsmultiple 2SAMsmayprocessconcur-
rently. In orderto take advantageof concurrentpro-
cessingand the distributed architecture2SAMs can
distribute requeststo 2SAMs employedon the same
level. However, only thosemachineson the higher
level are equippedwith an extendedRPC enabling
themto distributerequeststo remoteagents.

Having thesemultiple objectlevels— thestorage,
thelogical localandthelogicalglobalobjectlevel —
we cantake advantageof a moresophisticatedtrans-
actionmanagementsystem.It is basedon themulti-
level transactionmodel(Beeri et al., 1989)which is
countedas the mostpromisingtransactionmodel in
theory.

The transactionmanagementsystemcontrols the
executionof operationsof communicatingagentsand
POS. Hence, it ensureslocal and global serializ-
ability. It consistsof two components,a transac-
tion manageranda recovery manager. The transac-
tion managertakesadvantageof 1) benefitscoming
with the detectionof pseudoconflict,and2) the fact
that serializability of a multi-level schedulecan be
achieved by serializing concurrentoperations/(sub-
)transactionslevel-by-level (Weikum, 1991). Hence
differentlevel-specificconcurrency controlprotocols
canbeemployed.Wecurrentlysupportthestrict two-
phaselocking protocol(str-2PL) andFoPL — a hy-
brid protocol— with certainoptimizations(Schewe
et al., 2000). They canbe usedin all possiblecom-
binationsdependingon the expectedconflict proba-
bility on the correspondinglevel. The correspond-
ing multi-level recovery managerguaranteesatom-
icity, durability and dataconsistency. Therefore,it
has to maintain a log reflecting all updatesto ob-
jects on all levels, supportcompleteand partial un-
dosof (sub-)transactions,redoof (sub-)transactions,
crashrecovery, etc. This functionality is providedby
the ARIES/ML recovery mechanism(Schewe et al.,
2000;Kirchberg, 2002)which is an extensionof the
well-known,sophisticatedARIESrecoveryalgorithm
(Mohanetal., 1992)to multi-level systems.

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

1‘local’ doesnot refer to thelocal machinein this case.
It referseither to logical local objectsstoredon the local
machineor to logical local objectsprovided by a remote
agent

object-orienteddatamodelpresentedin (Schewe and
Thalheim,1993). It considersobjectsasabstractions
of real world objects. The OODM distinguishesbe-
tweenvaluesandobjects.Every objectconsistsof a
unique, immutableidentifier, a set of (type-, value-
)pairs,a setof (reference-,object-)pairsanda setof
methods.TheOODM is basedon anunderlyingtype
systemandsupportsany arbitraryone.Typesareused
to structurevalues.Classesserveasstructuringprim-
itive for objectshaving the samestructureand be-
haviour. A schemais givenby a collectionof classes.
The operationsprovidedby the underlyingtype sys-
templus a singlejoin operatorallow to definea cor-
respondinggenericqueryalgebra(Schewe,2001).

In orderto supportdistribution certainfragmenta-
tion techniquesare employed. Theseare splitting,
horizontal fragmentationand vertical fragmentation
(Schewe,2002).For this purpose,classesareconsid-
ered.Eachclassis assignedto exactlyonenode— or
in caseof replicationto severalnodes— of anetwork.
Hence,fragmentationdecomposestheglobalobjects
correspondingto theoriginal schemainto several lo-
cal objectscorrespondingto the fragmentedschema.
Having fragmentationand a class � noderelation-
ship,westill mustallocatethefragments— including
fragmentedmethods— to thecorrespondingnodes.

Local objects, resulting from the fragmentation
process,do not corresponddirectly to logical global
objectsas processedby the communicatingagents.
Furthermore,high-level queries,transactions,object
methods,etcneedto be translatedinto codethat can
be interpretedby communicatingagents. This con-
ceptualgapbetweenthelogical OODM-level andthe
communicatingagentsis bridgedby a persistentre-
flectiveintermediatelanguage(PRIL).PRIL will sup-
port linguistic reflection(StempleandSheard,1991;
Stempleet al., 1992). We provide a macrolanguage,
in whichthehigh-levelconstructsin transactionssuch
as genericupdateoperationsand the high-level al-
gebraconstructsfor queryingcanbe formulated. In
(Stempleet al., 1990)it hasbeenshown how linguis-
tic reflectioncanbe usedto expandsuchmacrosfor
thecaseof queryalgebraconstructs.In (Scheweetal.,
1994)linguistic reflectionhasbeenappliedto expand
macrosfor genericupdateoperations.

The internalrepresentationof objects,replication,
datadistribution, etc is hiddenfrom the user. This
is realizedby theuserinterface.It providesdialogue
interfacesbasedon dialogueobjects,which are de-
finedby extendedviews(ScheweandSchewe,2000).
Thesedialogueobjectscanbecreatedanywherein the
network. Initiating anoperationassociatedwith such
a dialogueobjectwould createa masteragentat the
user’s node,and start executinga top-level transac-
tion.
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3 The Datamodeland its Interfaces

In this sectionwe briefly describethe OODM from
(Schewe andThalheim,1993),a genericapproachto
queryalgebras(Schewe, 2001),anextensionto inte-
gratedialogueinterfaces(ScheweandSchewe,2000),
an approachto fragmentOODM schemata(Schewe,
2002), and the idea of linguistic reflection and its
usein expandingmacrosfor queriesandtransactions
(Stempleetal., 1990;Scheweet al., 1994).

The Object Oriented Datamodel. In theOODM a
databaseschemais a finite setof classes.Basedon
the fundamentaldistinctionbetweengeneralabstrac-
tionscalledvaluesandapplication-dependantabstrac-
tionscalledobjects,theOODM distinguishesclasses
from types(Beeri,1990). Typescanberoughlyseen
as denotingsetsof values.2 Thus, we provide an
underlying type system,e.g., ����� ���	��
�����
� ����������������� � ������� � � �"! �$# �&% �(' (usingabstractsyn-
tax). Here, � representsany collectionof basetypes
including one type ID to be usedfor object identi-
fiers,andat leastonefurther type.

�
representstype

variables.

*)+�

,
�,) � , !-) # and

%() ' provideconstructorsfor
tuple,set,list andmultisettypes.

Givenany typesystem,thestructuralpartof aclass.
is definedby a structure expression/ �,021 , which

resultsfrom a type without occurrenceof ID by re-
placingall typevariables

�23
by references4 35� . 3

with
referencenames4 3 andclassnames

. 3
, andby theset

of superclasses. Obviously, the classnamesappear-
ing in referencesandsuperclassesmustbedefinedin
aschema.Thebehaviouralpartof aclassisdefinedby
operationsthatareassociatedwith theclass.Suchop-
erationsaredefinedusingtheusualcontrolconstructs
of imerative languages.

In orderto definedatabasesover a givenschema,
wealsoneedtherepresentationtype 6 1 for aclass

.
,

which is simply obtainedfrom / �,021 by replacingthe
referencesby thetype ID. Thenin a database7 each
class

.
of theschemais representedby avalue 7 
 . �

of type
�8


id
�

ID
�
val

� 6 1 � � , i.e., by a finite setof
identifier-valuepairs. Obviously, we have to require
someconstraintsto besatisfied:uniquenessof identi-
fiers, inclusionintegrity with respectto superclasses,
andreferentialintegrity with respectto references.

However, there is anotherimportant requirement
on databasescalled value-representability, a neces-
sary and sufficient condition for the existence of
genericupdateoperationsandtheuniqueidentifiabil-
ity of objects.To explainthispropertyassumethatfor

2This is not completelycorrectaccordingto the exis-
tenceof type polymorphismasdiscussedin (Cardelli and
Wegner, 1985;Mitchell, 1990).However, for our purposes
herethis view suffices.

each

:9 �(;<�>= 7 
 . �

weexpandthevalue
;

intoaratio-
nal tree,i.e.,wheneveranidentifier

9@?
occurswithin

;
andthis identifiercorrespondsto thereference4 � . ?

,
thenwereplace

9@?
in

;
by theuniquevalue

;�?
suchthat
:9@?A�(;�?B�>= 7 
 . ?:�

. This of courseresultsin aninfinite,
yet finitely representabletree. Valuerepresentability
requirestheserationaltreevaluesto beuniquewithin
eachclass. For formal detailswe refer the readerto
(ScheweandThalheim,1993).

Query Algebra. As in principletheOODM canbe
basedon any underlyingtype system,the definition
of querylanguagesincludingqueryalgebrasrequires
also somesophistication. In (Schewe, 2001) it has
beenshown that a query algebracan always be de-
fined in a genericway consistingof operationsin-
ducedfrom theunderlyingtypesystemsanda single
generalizedjoin operator.

Dialogue Interfaces. In general,user-issuedtrans-
actionswill involve different operationson various
classes.This remainstrue for distributedschemata.
The work in (Schewe and Schewe, 2000) provides
a mechanismto integrate the interface with the
database.This is doneby definingdialogueclasses.

Fragmentation. In orderto supportdistributionwe
haveto fragmenttheunderlyingOODM schema.The
work in (Schewe, 2002) generalizeshorizontaland
verticalfragmentationfrom therelationaldatamodel
to theOODM. In addition,a third kind of fragmenta-
tion calledsplit fragmentationis introduced.

Linguistic Reflection. User-issuedtransactionsand
querieswould involve the complex operationsof the
queryalgebra,e.g.,the generalizedjoin, andgeneric
updateoperations(insert, update,delete). Each of
theseoperationsinvolvesto analysethe schemaand
to computethe requiredtypes. It is known thatboth
joins and genericupdatesare not parametricopera-
tions (Stempleet al., 1990;Schewe et al., 1994). In
order to realizesuchcomplex operationswe needa
techniquecalledlinguistic reflection.

Roughly speaking,we will considertheseopera-
tionsasmacrosin our languagefor operations.Then
thepurposeof linguistic reflectionis to expandthese
macrosandto replacethemby ordinaryoperations.

The basicideaof linguistic reflectionis to usere-
flection typessuch as C .EDGFIHKJML NAO

,
.EPQJ CQC LRNSO ,6MTVU F LRNAO

,
HKF 6 DXWEY L NAO

, etcfor therepresentation
of abstractsyntaxexpressionsrepresentingschemata,
classes,types,methods,commands(methodbodies),
etcrespectively. For eachof these,thereexistsafunc-
tion raiseassociatingwith this syntacticexpressiona
trueschema,class,type,etcrespectively.
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So,in particularthemacrosfor thecomplex query
and updateoperationswould first turn the classes,
types,etcfor which they areto bedefinedinto values
of the correspondingreflectiontypes. This is the ef-
fect of applyingtheoperationdrop. Thenthecompu-
tationwouldbeperformedon thesevaluesof therep-
resentationtypes. Finally, the resultwould be raised
resultinginto actualoperations.For technicaldetails
of reflectionwe refer the readerto (Stempleet al.,
1990)for complex queryoperationsandfor updates
to (Scheweet al., 1994).

4 The Operational Ar chitecture
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Figure2: Operational& PhysicalArchitecture.

In this sectionwe focuson the operationalarchitec-
ture. A more detailedoverview is shown in Figure
2. We now briefly describeanextensionto two-stack
abstractmachines(Subietaet al., 1993),communica-
tion mechanismsfor thosemachines,andanapproach
to multi-level concurrency control (Weikum, 1991;
Schewe et al., 2000; Kirchberg and Schewe, 2001)
andrecovery(Scheweet al., 2000;Kirchberg,2002).

4.1 Communicating Agents

The relationship between query languages and
general-purposeprogramming languageshas been
studiedsincedecades.Thepopularclassificationdis-
tinguishesbetweenthe embeddedandintegratedap-
proach. The standardsolution, namely embedding
a querylanguagein the programminglanguage,suf-
fers from problemscollectively known asimpedance
mismatch. Alternative, integratedapproachessuch
asPascal/R,Napier88,OZ C, LOQIS (Subieta,1991),
etc circumvent theseproblems. Also, commercial
productssuchasOraclePL/SQLintegratequerylan-
guages, in particular SQL, with imperative state-
ments.

(Subieta et al., 1993) investigatesthe so-called
‘seamless’integrationof a querylanguage(QL) with
a programminglanguage. Thus, a foundationof a
QL-centralizedprogramminglanguageaccordingto
the traditional paradigmsof the programminglan-
guagesdomain is built. An extendedapproachto
two-stack abstractmachineis proposed. In order
to supportquery languages,the two stacks— the
environment stack

F C and the query result stack[]\EF C — aremodifiedand the semanticsof query
languageoperatorsaredefinedthroughoperationson
thesestacks. The environmentstack

F C , as usual,
determinesscopingand binding. The query result
stack

[]\EF C is a storagefor intermediatequery re-
sults,usedeitherfor theevaluationof queryoperators
andfor theevaluationof arithmetic-styleexpressions.
However, this approachhassomedrawbacks:

1. It is notusablefor distributedsystems.

2. It doesnot supportparallelism.

3. It is not suitablefor large databases,asthe stacks
aremainmemorybased.

4. It is not coupledwith suitableconcurrency control
andrecoverytechniques.

Wewill briefly presentanapproachbasedon(Subi-
eta et al., 1993) that removes thesedrawbacks. In-
steadof usinga singletwo-stackmachinewe areus-
ing a network of machinesfor realizing a program,
i.e.,atransactionor aquery, with therequirednumber
of machinesbeinggeneratedat run-timeat sitesdis-
tributedoveranetwork. Thecommunicationbetween
remotemachinesis basedonanextendedremotepro-
cedurecall asdescribedin Section4.2.
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Figure3: Architecturefor CommunicatingAgents

The seconddrawback requiresa more sophisti-
cated,efficient architecturefor local 2SAMs which
makes is possibleto distribute tasksamongparallel
2SAMs. Additionally, the 2SAM languagehas to
beextendedwith parallelizationandsynchronization
commands,and new communicationchannelsneed
to be created.Figure3 shows a correspondingtwo-
level architecturefor communicatingagents. Every
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agentconsistsof a2SAM andacommunicationmod-
ule. Agentsemployed on the lower level link with
POSandemploy 2SAMsthatdealwith logical local
objects.Agentson the higherlevel dealwith logical
globalobjectsthatareconstructedfrom logical‘local’
objects.‘Local’ doesnotnecessarilyreferto thelocal
machinesincethehigherlevel is capableof retrieving
objectsfrom remoteagents.

Onbothlevelsmultipleagentsmayprocessconcur-
rently. An agentactseitherasamanagerfor ahigher-
level request,e.g.,a top-level transaction,or asasub-
manager, i.e.,asaclient,supportinga localor remote
(sub-)manageremployed on the samelevel. Every
agenthasthe capabilityof creatingsub-managersas
required.It hasto maintaina list of its sub-managers
togetherwith informationenablingthe agentto send
further requeststo a particularsub-manager, retrieve
results,etc. Thecommunicationmoduleprovidesthe
functionality to interactwith otheragentsandlayers,
keepstrack of sub-managers,andmaintainsa list of
requestsand resultswhich have beenreceived. Lo-
cal agentscan interact in two modes,asynchronous
or synchronous.Asynchronouscallsenableagentsto
processconcurrently. The synchronousmodecorre-
spondsto sequentialprocessing.

If weconsiderFigure3, the2SAM 6_^ actsasman-
ager for the higher-level request62^ , in this casea
top-level transaction. The requestconsistsof a se-
quenceof operationson logical global objects. The
2SAM 62^ examinesthis sequencefirst. Afterwards,
someoperationsare distributed to remoteagentsif
necessary. Assumetheseremoteoperationscan be
executedindependentlyfrom therest.Thus,anasyn-
chronousRPCcall is issued. The remainingopera-
tionswill beexecutedby local agents.Therefore,the
2SAM 6 ^ tries to optimizetheir processingtasksby
forwardingcertain(sub-)tasksto local sub-managers.
Assumethatonly onesub-manager2SAM 6 sub^ is cre-
atedandboth 2SAMs 62^ and 6 sub^ canprocesscon-
currently. Thus,anasynchronouscall is issuedanda
sequenceof (sub-)tasksis forwardedto 2SAM 6 sub^ .
Both agentsthenexecutetheir tasks.Within this pro-
cessseveralrequeststo thenext lowerlevelareissued.
Theserequestsaremainlysynchronousones.As soon
asthesub-manager2SAM 6 sub^ hascompleteda(sub-
)task,thecorrespondingpartialresultis returnedto its
manager. Themanageris responsiblefor composing
thefinal resultfor everysetof partialresultsreceived
from its sub-manager(s).

Since stacks are main memory based and the
amountof data they processcan get quite large, it
mightbenecessaryto exportpartsof thestacksto per-
sistentstorage.A stackcanbeaccessedfrom thetop
only. Hence,we will keepthe upperpart of a stack
in main memoryandexport only its lower part. In
sucha case,a 2SAM takesadvantageof theservices

RPC
Object

Object
Repository

RPC Protocol

RPC Client RPC Server

Comm
Module Module

Comm
2SAM2SAM

Communicating Agent Communicating Agent

Figure4: Network CommunicationArchitecture

providedby thebuffer manager3. It allows datato be
exportedto andefficiently accessedfrom a persistent
storagethroughits pageinterface.

The last drawback to be removed addressesthe
couplingwith suitableconcurrency controlandrecov-
ery techniques.Section4.3proposesa corresponding
multi-level transactionmanagementsystem.

4.2 Network Communication

Efficient communicationcapabilitiesareessentialfor
distributeddatabases.We will briefly presenta cor-
respondingextendedmiddleware componentbased
on remoteprocedurecall (RPC).Main differencesto
conventionalRPCsare supportof bulk type values,
referencesandcall-by-reference.Figure4 shows the
basicarchitecturefor our network middleware. The
majorcomponentsareasfollows:` RPCClient: Providesinterfacesto communicating

agentsto issueRPCcalls.` RPCServer: MatchestheRPCcall from theclient
to thecorrespondingcommunicatingagent.` Object Repository: Stores information about
classes,in particulara class � nodemapping. It
is frequentlyaccessedby theRPCclient to retrieve
detailson how to accessremoteobjects.A copy of
this repositoryis availableon all nodesandkeptin
mainmemoryfor efficiency reasons.` RPCProtocol:Providesareliableandefficientway
to communicatebetweenRPCclient andserver.` RPCObject:Is theexternalrepresentationof a log-
ical objectthatcontainsflatteningandunflattening
functions.

TheRPCmiddlewareprovidesaccessto remoteob-
jectsandits methods.We supportsynchronousand
asynchrounousrequests.Onecanthink of a request
asablockof sub-requests.All sub-requestsof ablock
will be forwardedto the sameremoteagent. Such
block requestsallow sub-requeststo accessdata,re-
sults,etc of previously executedsub-requestsof the
sameblock. Hence, the amountof data to be ex-
changedbetweennodesis decreased.

3Thebuffer manageris partof SyBRAS
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4.3 ConcurrencyControl &
Recovery

Fromaninternalpointof view, usersaccessdatabases
in terms of transactions. Fast responsetimes and
a high transactionthroughputare crucial issuesfor
all databasesystems. Hence,transactionsare exe-
cutedconcurrently. Thetransactionmanagementsys-
temensuresaproperexecutionof concurrenttransac-
tions. It implementsconcurrency control andrecov-
ery mechanismsto preserve theso-calledACID prin-
ciples. A further increasein both responsetime and
transactionthroughputcanbeachievedby employing
amoresophisticatedtransactionmanagementsystem,
e.g., a systembasedon the multi-level transaction
model (Beeri et al., 1989; Weikum, 1991; Schewe
et al., 2000; Kirchberg and Schewe, 2001). This
mutli-level model is countedas the most promising
transactionmodel. It schedulesoperationsof trans-
actionsbasedon informationobtainedfrom multiple
levels.Sincethereareusuallylessconflictson higher
levels, lower level conflictscanbe ignored. Hence,
their detectionincreasestherateof concurrency.

The execution of concurrenttransactionsis de-
scribed by a multi-level schedule. Corresponding
one-level schedules,so-calledlevel-by-level sched-
ules, can be definedfor eachlevel. A multi-level
scheduleis multi-level serializableif it is equivalent
to a serialmulti-level schedule.Accordingto (Beeri
et al., 1989)a multi-level scheduleis multi-level se-
rializable, if all level-by-level schedulesareconflict
serializable.Thus,level-specificconcurrency control
protocolscanbeemployed.

The layered systemarchitectureas proposedin
Section2 allows to use the multi-level transaction
model in a straightforward manner. Figure2 shows
the correspondingoperationalandphysicalarchitec-
ture in more detail. It shows that the transaction
managementsystemcontrolsthe executionof oper-
ationsof the communicatingagentsandPOS.Since
communicatingagentsconsistof two levels a three-
level scheduleris employed. This schedulerconsists
of threelevel-specificschedulers.Eachof themem-
ployesacertainconcurrency controlprotocol.On the
highestlevel

P Z sequencesof 2SAM operationson
logical globalobjectsareserialized.Sucha sequence
alwayscorrespondsto a top-level transaction.Since
2SAM operationson logicalglobalobjectsareimple-
mentedby sequencesof 2SAM operationson logical
local objects,the

P Z schedulercreatesan execution
orderof theseoperationsonlogical localobjects.TheP �

schedulerthentries to optimizethe outputof theP Z schedulerby serializingthecorrespondingopera-
tionson thelower level of thecommunicatingagents.
And soon. Finally, SyBRASexecutesrecordopera-
tionsthatareserializedby the

P5a
scheduler.

The generalapproachto concurrency control is
the use of locking protocols,especiallystrict two-
phaselocking (str-2PL). However, locking suffers
from somemajor problemsaffecting the transaction
throughput. Two of thoseproblemsare transaction
deadlocksandtheimpossibilityto acceptall (conflict-
)serializableschedules.(Scheweetal.,2000)presents
ahybridprotocolcalledFoPL(forward orientedcon-
currencycontrol protocol with preordered locking),
which is a provably correctprotocol for multi-level
transactions.FoPL doesnot suffer from any of those
two mentionedproblems. (Kirchberg and Schewe,
2001)describesfirst experimentalresultsof thebasic
FoPLprotocolin comparisonto str-2PL.It is outlined
thatFoPL-basedscheduleraremostlikely to outper-
form lockingbasedprotocolsif someof theproposed
optimizationsto FoPL (Schewe et al., 2000)arereal-
ized.However, onehasto considerthatFoPLfollows
anoptimisticidea.Hence,it is designedto beusedon
levelswith a low conflict probabilityonly.

Sincewedealwith distributedtransactionsguaran-
teeingserializabilityasdescribedabove is not suffi-
cient.Globalserializabilityandone-copy serializabil-
ity (BernsteinandGoodman,1985)have to be guar-
anteedwhendealingwith distributedtransactionson
replicatedobjects. (Kirchberg, 2002) outlineshow
str-2PL and FoPL can be usedon the global level
— which is level

P Z . Guaranteeingglobal serializ-
ability requiresthe useof a commit protocol, e.g.,
two-phasecommit,to ensureatomicity. Additionally,
globaldeadlocksdetectionmechanismsmustbeem-
ployedif str-2PLis used.FoPLrequiresonly globally
uniquetimestampsto be assignedat the startof the
validationphase.Guaranteeingone-copy serializabil-
ity requiresacertainreplicationschemato beapplied
(ÖzsuandValduriez,1999). As far asFoPL is con-
cernedonly afew extensionto thisreplicationschema
haveto bedone.(Kirchberg,2002)alsocomparesstr-
2PL andFoPL w.r.t. their efficiency in the presence
of a distributeddata. It is outlinedthat thenecessary
extensionsto FoPL aremuchlessexpensive thanthe
extensionsto str-2PL.

Sinceconcurrency control may force transactions
to be aborted, recovery mechanismsare provided.
So far only a few researchprojectshave focussed
on recovery mechanismsfor multi-level transactions
(RothermelandMohan,1989;Lomet,1992;Weikum,
1991). However, none of theseapproachescomes
without major restrictionsor disadvantageslimiting
its practical use. (Schewe et al., 2000; Kirchberg,
2002)outlineanalternative approach,ARIES/ML. It
overcomesthoserestrictionsanddisadvantages,pre-
serves their major advantagesandeven supportsall
kinds of concurrency control protocols,both inverse
andnon-inverseoperations,partialrollbacksetc.
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5 Conclusion

Thisarticleproposesamulti-levelarchitecturefor dis-
tributed object bases. The proposedsystemsmeets
two steadilyincreasingdemands.On the one hand
it supportsa distributed architecturethat is flexi-
ble w.r.t. network architecturesandcommunication
mechanisms.On theotherhandthedemandfor rep-
resentingcomplex, real-world objects,relationships
amongthoseobjectsand even behaviour associated
with themasrealaspossibleis metby describingdata
on thebasisof anobject-orienteddatamodel.

Key featuresof the architecturearethe useof ab-
stractcommunicatingagentsandanextendedremote
procedurecall to integratethe processingof queries,
methodsassignedto objects and transactions,dis-
tributerequeststo remoteagents,exploit parallelism,
andact as replicationand transactionmanagers;the
useof multi-level transactionsto increasedtransac-
tion throughput;andtheuseof linguistic reflectionto
mapdatabaseschematato thelevel of theagents.
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