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1.1 Introduction

Electronic information management systems are complex human-centered activi-
ties that produce and consume diverse kinds of information. Today many of these
activities are supported by autonomous systems that employ di�erent data manage-
ment facilities with heterogeneous data models, for example, a relational model, a
hierarchical model, an object-oriented data model, or|speci�cally valid for public
databases|a dedicated �le system with specialized retrieval and presentation func-
tionality. In addition, the information is represented at di�erent levels of detail,
with mutual inconsistencies in structure, naming, scaling, and behavior. Much of
this behavior is hidden in the implementation of the autonomous systems.

Advanced applications, like those in the �eld of cooperative authoring and pub-
lishing or telecommunication services and administration de�nitely, need integrated
access to their underlying autonomous, heterogeneous information bases. These
applications demand integrated processing because of the need for consistent man-
agement of complex interrelated data as well as the integrated exchange of the
information produced and consumed by the many participants in an application.
Such applications should be provided with individual, partially integrated, global
views on the underlying resources.

There exist several approaches and projects that address interoperability or in-
tegration of information bases.[SL90, LMR90, BHP92, EN89] give good overviews
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2 Database Integration Using the Open Object-Oriented Database System VODAK Ch. 15

and present fundamental concepts, including the terminology of the di�erent ap-
proaches, for example, multidatabase systems, multidatabase languages, and fed-
erated database systems. MRDSM [Lit85], OMNIBASE [REC+89], and CALIDA
[JPSL+88] are projects that realized the integration of databases by multidatabase
languages, but require skilled users, because a user still needs information about the
distribution of data and about how to resolve semantic ambiguities and other typi-
cal problems that arise when integrating heterogeneous databases. SIRIUS-DELTA
[LBE+82], DDTS[DL87], Mermaid[TBC+87], Multibase[LR82], and our approach
taken in KODIM follow the federated database approach. The tools and techniques
developed in KODIM ([SN90, KD90, FKN91, FN92, KN90, MGPF92a, MGPF92b])
for semantic integration assist incremental integration driven by actual information
requests of end users and the dynamic maintenance of integrated schemas driven by
external schema evolution. This approach tries to meet the requirements of realis-
tic situations with a large number of external information bases (which |because
of their autonomy| are subject only to locally controlled constant change), in
which completely integrated views valid for all users can hardly be achieved with
reasonable e�ort. In addition, many available information sources (e.g., online
databases) do not even provide �ne-grained, explicitly structured data as relational
databases do. Thus, in KODIM we also develop tools for the structural enrichment
of data from external information sources that do not provide any kind of schema
[GF92, FX94].

Database integration steps in KODIM can be partitioned into two conceptual
layers:

(1) At a base layer, heterogeneous data models have to be mapped to a uniform
data model (syntactic transformation phase). This requires the translation of
manipulation languages and the transformation of diverse data formats as well
as the connection of external database management systems or other systems
providing external data.

(2) On top of this bottom layer (i.e., on the basis of the uniform data model)
implicit structure and semantics have to be made explicit, inconsistencies in
structure, naming, and scaling have to be overcome, and semantic interrela-
tionships between data have to be acquired in order to establish integrated
views onto the external resources (semantic integration step).

Figure 15.1 shows the variety of transformations that data from diverse resources
have to undergo in order to be integrated. KODIM uses the data model VML
[KAN94] of the open, object-oriented database system VODAK as the canonical
data model the external schemas are mapped into. To use an object-oriented data
model as the canonical model is widely recognized to be a very promising choice
for easier representation of external data models as well as for schema integration
purposes (see[SL90, SN90, KD90, HW91]).

The syntactic transformation step provides for a syntactically uniform VODAK
interface to the external information bases, describing their database schemas (in-
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Figure 1.1. Framework for database interoperability.

cluding constraints), retrieval and manipulation capabilities, and �le formats. Usu-
ally this includes structural enrichment of the external schemas or �le formats. The
transformation is modularized by means of the object-oriented VODAK Modell-
ing Language (VML); that is, for all imported data (schemas as well as instances)
object types and classes are established that support the functional capabilities of
external information bases in a uniform language.

By syntactic transformation, external information bases are accessible according
to a uniform data model, but they are not interrelated semantically. In this paper we
do not focus on this syntactic transformation step, but we start with a syntactically
uniform VODAK interface to the underlying external database systems. Details
about the techniques we employ for the syntactic transformation step are given in
[FX94, GF92, KFA94].

Based on the syntactic transformation an additional conceptual mapping step is
required to interrelate and merge data semantically. Semantic integration is needed
to combine the several schemas. Structural and semantic di�erences in represen-
tation and con
icts in naming and scaling have to be resolved, correspondences
between objects have to be identi�ed, and appropriate user views have to be de-
termined in order to specify one (or several) integrated schemas and/or individual
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application schemas. This obviously includes semantic enrichment, which makes
implicit structure and semantics explicit [CS91] and associates additional behav-
ior, which is hidden in local application programs or even worse in informal local
conventions.

In this paper we focus on the semantic integration step. We aim at integrated
schemas to which heterogeneous schemas are mapped to resolve di�erences between
corresponding subschemas. However, we do not aim at a complete, global inte-
grated schema, which overcomes all heterogeneities, but rather want to enhance the
incremental design and maintenance of integrated schemas, according to the speci�c
needs of an integrated application.

For this purpose we develop a declarative methodology for schema integration
[CHS91, HR90, MNE88, SSG+91, SLCN88, WHW90], as opposed to the procedural
approach of supporting a number of schema transformation operations to overcome
inconsistencies [Mot87] or supporting just a multidatabase query language as advo-
cated by the loosely coupled multidatabase approach [LA86, Lit85]. Users can de-
clare correspondences between schema constituents (e.g., classes, types, attributes)
that contain overlapping data according to their world view. To allow for the res-
olution of di�erences in representation, we consider | as [CHS91] and[SSG+91]|
not only correspondences between constituents of equal kind, ( e.g., between two
classes from di�erent schemas or between their direct attributes), but also corre-
spondences between classes and attributes, and more importantly, between paths
composed of several references between classes. The declared correspondences are
checked for consistency, and from consistent correspondences, an integrated sub-
schema is generated, together with mappings from the heterogeneous local corre-
sponding subschemas. The novel feature of our methodology is that it is based on
a 
exible notion of schema uni�cation that allows for augmenting the structural
granularity of corresponding subschemas in order to overcome their heterogeneity.
Thus, furthering the approaches of [CHS91] and [SSG+91], we can actually test
correspondences between arbitrary paths for mutual consistency and turn them
into fully transparent schemas without explicit correspondences. In addition, we
develop concepts to assist the detection of possibly corresponding subschemas us-
ing fuzzy terminological knowledge about the application domain. Details about
the techniques employed for the �nal semantic integration steps are also given in
[SN90, NS88, SN88, FKN91, FN92, MGPF92a, MGPF92b].

In addition to solutions related to the various integration steps, an operational
database system providing access to integrated views to external resources must
also o�er appropriate global transaction management. Such a transaction model,
able to support the concurrent access of multiple users to integrated data, must
address two main problems:

� First, it must provide for a high degree of concurrency compared to conven-
tional models, because transactions in an integrated system (Figure 15.1) are
relatively long-lasting and complex. Many complex system layers are involved
until the data in the existing systems can �nally be accessed. We solve this
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problem by utilizing semantic information about methods available in the VO-
DAK data model in the VODAK open nested transaction concept. Here, in
a subtransaction hierarchy corresponding to the calling hierarchy of VODAK
methods, this information is used for concurrency control and recovery.

� Second, the transaction model must integrate probably di�erent concurrency
control and recovery schemes of the existing systems into a single global trans-
action management. Autonomous local transactions executed by the existing
systems without global control must still be allowed. The open nested ap-
proach allows us to integrate without changes the existing transaction man-
agement modules to manage the bottom level of the subtransaction hierarchy.
The problem of autonomous local transactions is solved by considering sets of
allowed autonomous local transactions together with sets of exported transac-
tions available for global usage. By utilizing semantic information about the
transactions in these sets and about the system architecture, we can handle
autonomous local transactions without abandoning the conventional ACID
transaction properties.

The rest of the paper is organized as follows. Section 15.2 introduces the sys-
tem architecture of the database integration environment developed at GMD-IPSI
and of the underlying database management system, which serves as the basis for
the prototypical realization of the integrated database management system. It de-
scribes the general architecture, the common data model VML, and the transaction
management services needed to incorporate the existing database systems. Section
15.3 describes the methodology and techniques used for the incremental integra-
tion of VML schemas. A graph-oriented notation for the data modeling primitives
that are needed for the integration of schemas is introduced. Based on that, aug-
menting transformations are identi�ed, which are employed to overcome structural
heterogeneities between corresponding subschemas. In addition, we show how such
augmenting transformations can be generated from correspondences between sub-
schemas. An example illustrates how an integrated schema can be constructed in
VODAK. Section 15.4 concludes the paper and gives some hints for further im-
provements.

1.2 Database Integration Environment

In this chapter we present the concepts of the database integration environment
developed at GMD-IPSI. First, we discuss brie
y the system architecture of the
main constituents of the environment, that is, the schema integrators workbench and
the underlying open, object-oriented database management system VODAK. Second,
we present the common data model, which is used to describe the export schemas of
the individual database systems and the integrated views. Third, we brie
y discuss
the transaction model, which allows for the execution of global transactions based
on local transactions of the individual existing database management systems.
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1.2.1 System Architecture

The database integration environment consists of two components. (1) The schema
integrators workbench provides for the integration of export schemas and for the
construction of integrated views. The export schemas have to be speci�ed in VML.
A schema integrator can use the workbench to generate VML speci�cations for
integrated views. (2) The VODAK database system provides the common data
model VML, a query language, a data dictionary, and transaction management for
the execution of global transactions. VODAK sits beneath the schema integrators
workbench. It provides database management services during the process of in-
tegrating individual databases and constitutes the DBMS, which allows for global
access to integrated views by applications. In the following, we give an outline
of the systems architecture of these two components of the database integration
environment.

Schema Integrators Workbench

Figure 15.2 shows the general systems architecture of KODIM's schema integra-
tors workbench with respect to its system components. It consists of four major
modules:

� The graphical Presentation and Manipulation component supports the com-
fortable creation, modi�cation, and deletion of VODAK schemas. It specif-
ically allows for separate design of types and classes, o�ers a number of ab-
straction facilities (textual views, structural views, and roadmap) to present
large and complex schemas at di�erent levels of detail and allows for importing
subschemas from multiple schemas.

� The Design and Integration Assistant contains algorithms for checking the
consistency of newly designed schemas (acyclicity of inheritance hierarchies,
consistent reuse of types in classes), for semantically enriching schemas, and
for comparing and unifying preexisting, heterogeneous schemas. The semantic
knowledge contains real-world knowledge modelled in the form of a fuzzy
terminological network. It is used to semantically enrich pre-existing schemas
and to achieve a better basis for comparison and uni�cation of pre-existing
schemas.

� The Schema and View Editor constitutes the kernel module. It provides the
functions and data structures needed to manage the internal data processed
by the Presentation and Manipulation component and the Design and Inte-
gration Assistant. In addition, all operations for manipulating the internal
representation of schemas are de�ned here. Semantic knowledge is used via
the Design and Integration Assistant to check the user actions and is made
available for the presentation module whenever it is needed. All data ex-
change between the Presentation and Manipulation module, the Design and
Integration Assistant, and the VML-Interface is coordinated in this module.
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Figure 1.2. System architecture of the schema integrators workbench.

� The VML-Interface transforms the internal representation of schemas into
VML speci�cations by stripping all editor and design-speci�c information
and generating VML syntax from the data structures used by the Schema
and View Editor. It uses the VODAK VML compiler to check the speci�ed
schemas. Error messages returned from the VML compiler are analyzed and
passed on to the Schema and View Editor, which presents them to the user
to assist him in the correction of his schema.

Section 15.3 gives a detailed discussion of the conceptual functionality of the
schema integrators workbench according to the declarative integration methodology.

Integrated Database Management System

The modules needed for the global integrated data management for both the
schema integrators workbench and for the applications accessing integrated views
on heterogeneous databases are provided by VODAK. This includes a global trans-
action manager, communication manager, object manager, message handler, query
processor, and compiler components. Figure 15.3 shows the architecture of the
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database management system VODAK.
VODAK applications are written in VML, the VODAK Modeling Language

(for details see Section 15.2.2), or in a C++-based application programming in-
terface. All VODAK facilities and modeling concepts can be used by developing
VML-schemas and application programs. The query and update language of VO-
DAK is called VQL, VODAK Query Language [AF95]. VQL queries can be posed
interactively by using the VQL-Interpreter or can be compiled by using the VML-
Compiler[CTK94, CT93, CT94]. No speci�c run-time support is required for com-
piled queries. A C++ interface is available for direct usage of VODAK modules
and for extending a VODAK schema by external methods.

VODAK is a distributed system, that is, the VODAK system modules Object
Manager, Transaction Manager, Communication Manager, and VQL-Executor are
distributed. The Central Database Environment controls the distributed executions.
Even though the Central Database Environment could also be distributed, this has
not been implemented in the prototype.

The VML/VQL-Compiler compiles VML-schema de�nitions, including VML-
methods, and complete VML-programs into internal representations. The internal
representations include entries of the data dictionary representing the schema, in-
formation about databases of the underlying database system, and C++ modules
representing VML-methods. VML-methods might also include VQL-statements,
which are compiled into executable C++ modules.

The VQL-Interpreter receives VQL-queries and updates from the Schema De�-
nition and Data Manipulation Monitor or an user application. The VQL-Interpreter
analyzes the queries and generates corresponding execution plans. These plans are
passed to the VQL-Executor, which either executes the plans using the services pro-
vided by the object manager and the transaction manager or passes these plans to
the VQL-Executor of an external database environment via the Message Handler
and Communication Manager. The results are composed by the VQL-Interpreter
and returned to the Schema Integrator Workbench or to the user. Compiled VQL-
queries are treated as ordinary VML-programs with no speci�c run-time support of
the VQL-executor.

Based on speci�c and e�cient mapping mechanisms, the Object Manager in the
internal database environment realizes the dynamic assembling and disassembling of
objects of the underlying storage system to more complex structured VML-objects.
It handles persistent and nonpersistent VML-objects and dynamically loads and
stores objects from and to the underlying storage system. The object management
modules in the external database environment map VML-objects to a speci�c rep-
resentation of the external database by using speci�c DB-Interface modules. For
instance, it realizes the mapping of relational tuples in SYBASE to VML-objects
and the appropriate methods of the VML-objects to access functions for the at-
tributes of those tuples. These mappings can be speci�ed in VML [KFA94].

The Message Handler is responsible for exchanging messages between VML-
objects. The message handler determines the receiver object of a message and
the VML-method to execute. The Object Manager is called for this purpose. If
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the receiver object is located on a remote node, the Message Handler uses the
Communication Manager to send the message to this node. Finally, the Message
Handler calls the appropriate C++-function that implements the VML-method.

The Transaction Manager provides services for processing transactions. It con-
siders the speci�c semantics (e.g., commutativity and dependency) of the methods
called for the manipulation of objects. The Transaction Manager uses the transac-
tion services provided by the underlying storage system and the external database
systems. In the internal database environment, the Transaction Manager provides
services for processing global transactions. The Transaction Manager in an external
database environment handles the access to a single external database system by
providing transaction mechanisms for the VML-objects that represent the external
data. Details on the transaction management are given in Section 15.2.3.

1.2.2 VML|The Common Data Model

VML|the VODAK Modeling Language|is an open object-oriented data model
that can be tailored to the needs of particular applications utilizing the concept of
metaclasses (Figure 15.4).

VML– hypertext structures

DB

VML– heterogeneous DB integration

VML– multimedia object modeling

Database Model

VODAK DBMS

VODAK DBS

ÎÎÎÎÎÎÎÎÎÎÎÎ
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Figure 1.4. Tailoring VODAK to speci�c application requirements.

The general technique of tailoring VML is illustrated in [KAN94] following the
application requirements for modeling hypermedia documents as they are used in
the framework of, for example, collaborative authoring environments. Other exam-
ples for tailoring VML can be found in [AKF94, BA94, BAH94, HGPK94]. The
same techniques are employed to describe the mappings of external schemas to ex-
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port schemas speci�ed in VML [KFA94]. Speci�c requirements and solutions for
integrating multimedia data in VODAK are described in [AK93, KNS90b, RLMN93,
TR93a, TR93b, AK94, TK95a, TK95b, RNL95, MKK95]. The same techniques are
employed to adapt VODAK for the integration of heterogeneous database systems.
In this section we present the main concepts of VML as far as we need them for the
discussion of the database integration issues. We show how the model is tailored so
that it provides the adequate modeling primitives needed to construct integrated
schemas.

A comprehensive presentation of the VODAK Modeling Language can be found
in [KAN94] and [GMD95]. A concise characterization of VML is as follows. VML
distinguishes between data values and objects. Each data value is out of a domain
determined by a data type. Data values themselves exist only transiently inside the
scope of a program. An object is out of a domain constituted by a class. Objects
exist persistently; that is, they exist independently of the scope of a program. Each
object is assigned exactly one data value, called an object identi�er, which is the
unique identi�er of the object by a data value through the object's lifetime.

All objects of a class share the description for their interface, structure of the
object's state, and implementation. This description constitutes the type of an
object and can be de�ned through object type de�nitions. The interface consists of
a set of methods, more precisely a set of method signatures. The state of an object
is constituted by a tuple of data values according to property de�nitions. Access to
the object's state is possible only via the execution of the methods in the interface.

Class de�nitions determine the domains of classes. They refer to object types
and de�ne class objects that model the containers of sets of objects, that is, the
extensions of classes. Class objects are instances of classes, which are called meta-
classes. A VML schema consists of class de�nitions, data-type declarations, and
object type declarations.

In the following we give more details on those language features that are needed
to understand the realization of the integration methodology discussed in Section
15.3.

Data and Object Types

A data type characterizes a set of values (i.e., a domain) and a set of operations
applicable to these values. Data types are built up from primitive data types, which
include object identi�ers and some basic type constructors.

datatype ::=

primitive_type | structured_type | DataType_Identifier |

Class_Identifier | ... not relevant here

The primitive data types are BOOL, INT, REAL, STRING and OID. The
operators available for these data types are the usual ones. OID is the type of
unique object identi�ers. The only relevant operator in this context for OID is the
in�x operator =, which tests whether two object identi�ers are equal or not.
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Structured data types are built from primitive data types, already de�ned struc-
tured data types, object types, and type identi�ers using type constructors. We will
not discuss structured data types in detail because they are de�ned from other pro-
gramming languages.

The structure and behavior of objects stored in the database are de�ned by ob-
ject types. An object type declaration consists of a public and a private part, thereby
separating the interface from the implementation. The interface declaration of an
object type consists of a set of structural property de�nitions and a set of behavioral
method de�nitions. The implementation de�nition provides implementations for all
methods of the interface de�nition and may introduce additional structural and
behavioral de�nitions. The values of the structural properties constitute the state
of an object. The public methods are the means by which objects can communicate
with each other. VML provides several alternatives for declaring object types, but
we present only one of them:

object_type_declaration ::= object_complete_declaration

object_complete_declaration ::=

OBJECTTYPE Identifier ["[" class_parameters "]"]

[subtype] ";"

INTERFACE object_interface

IMPLEMENTATION object_implementation

END ";"

class_parameters ::= ... not relevant here

In the followingwe explain brie
y how the interface and implementation sections
of an object type can be de�ned. Multiple inheritance allows the build up of object
type lattices for modular object type de�nitions.

subtype ::= SUBTYPEOF subtypes

subtypes ::=

ObjectType_Identifier ["[" class_parameters "]"] f"," subtypesg

Next we give the object interface de�nition:

object_interface ::=

[ PROPERTIES
property_definition fproperty_definitiong ]

/* public properties */

[ METHODS
method_signature fmethod_signatureg ]

/* public methods */

property_definition ::= Identifier ":" datatype ";"
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method_signature ::= ...

/* see Section 15.2.3, Speci�cation in VML, for details */

In the interface only the signatures of the methods are speci�ed. Updating the
object (i.e., changing its internal state by changing the value of an object's property)
is performed by calling methods (which may also delegate updates to other objects).

Next we give the object implementation de�nition:

object_implementation ::=

[ datatype_declaration fdatatype_declarationg ]

/* local data types */

[ PROPERTIES /* private properties */

property_definition fproperty_definitiong ]

METHODS /* public and private methods */

method_definition fmethod_definitiong
[ no_method_clause ]

[ commuting_definition ]

method_definition ::=

method_signature /* see Section 15.2.3 for details */

method_body

[ undo_definition ] ";"

method_body ::=

"f" [variable_declarations] statement_list "g"

no_method_clause ::=

NOMETHOD method_body

The private part of an object type declaration consists of the declaration of an
object's private properties and the implementation of an object's methods. The
optional data-type declarations introduce auxiliary types that are visible only in
the implementation part. The implementation part may contain additional meth-
ods that are not de�ned in the public part. These are private methods that can
be called only by other methods of the same object type. Furthermore, the imple-
mentation part can specify a NOMETHOD clause, which allows speci�cation of a
dynamic inheritance behavior, details of which will be explained in Section 15.2.2,
Determining the Structure and Behavior of Objects.

Method implementations consist of the method heading (specifying the method
name and its signature), and the method body. The body of a method is an optional
list of variable declarations followed by a list of statements. Inside a method body
the object's properties are accessed by their name only. The keyword SELF is
used to denote the actual object. Methods can be speci�ed as subtransactions
(see Section 15.2.3). In this case an undo de�nition and a commuting de�nition
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have to be speci�ed. For more details on transactions in VML see Section 15.2.3,
Speci�cation in VML. We now give an example of an object type declaration.

Schema 1. Object type declaration.

OBJECTTYPE Person_Type

INTERFACE
METHODS
city(): STRING;

street(): STRING:

IMPLEMENTATION
METHODS
city(): STRING; fRETURN SELF->getValue('city');g;
street(): STRING; fRETURN SELF->getValue('street');g;

END

Objects, Classes, and Metaclasses

Objects represent material or immaterial real-world entities, or abstract concepts
such as data-model primitives, that are stored persistently in the database. Objects
that are similar in their structure and behavior are organized into classes. Every
object is instance of exactly one class. The only way to operate on an object is by
sending it a message that identi�es a method de�ned for the object and arguments
for that method.

Objects in VML obey the principle of object identity. Object identity is realized
by object identi�ers, which are attached to objects. Each object has its own distinct
object identi�er, which is di�erent from that of any other object and which does
not change throughout its lifetime. Object identity is the basis for sharing and
updating objects.

A class describes the structure and the behavior of a collection of similar objects,
called the extension of a class. The extension of a class is de�ned explicitly by
creating instances of the class. The de�nitions needed to de�ne the structure and
behavior of instances of a class are speci�ed with object types associated with the
class. Because of the distinction of object types and classes, di�erent classes can
share the same object type. Details on the relationship between classes and object
types are not discussed herein, but the reader is referred to [KAN94], which discusses
the parameterization of object types in VML.

Instances of classes are stored persistently in the database and are shared by
any application that is allowed to access the database schema and operate on the
classes. VML distinguishes between application classes and metaclasses:

� Application classes are de�ned by an application developer to organize and
classify the objects dealt with by the application. They correspond to appli-
cation speci�c concepts like author, persons, documents.
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� Metaclasses are de�ned by system administrators together with application
developers in order to organize application classes and to tailor the database
model to the speci�c needs of an application, for example, to meet the require-
ments of database integration. Metaclasses are used to describe the common
structure and behavior of application classes and their instances. Every ap-
plication class has exactly one associated metaclass. A metaclass may have
many associated classes.

Classes (application classes and metaclasses) are treated as �rst-class objects;
that is, a class C is an instance of its associated class MC (which is called the
metaclass of the class C) as an object c is an instance of exactly one class (e.g., the
class C). Such a class hierarchy can be of any depth. The root of the class hierarchy
is the system prede�ned metaclass VMLCLASS. See [KAN94] for a description
of this class. VML provides an initial class hierarchy containing a few prede�ned
metaclasses by default. For more details on this initial metaclass system, see Section
15.2.2, VML Class System for Database Integration.

Treating classes as �rst class objects allows the user to operate on classes in the
same way as he operates on individual instances of application classes. That is,
classes can be retrieved and manipulated in the same manner as individual objects.

Speci�cation of Application Classes To create an application class, one has to
specify at least the name of the class with the CLASS clause and the properties and
methods de�ned for the instances of the class, either directly with the INSTTYPE
clause or by specifying the name of an object type that de�nes and implements
these properties and methods. Such object types are called instance types of a class
because they are used to determine the structure and behavior of instances of the
class. The syntax for the de�nition of an application class is as follows:

application_class_definition ::=

CLASS Class_Identifier [ METACLASS Class_Identifier]
[ OWNTYPE object_type]

INSTTYPE object_type

[ INIT method_calls]

END

object_type ::=

ObjectType_Identifier | /* named object type */

OBJECTTYPE [ subtypelist ";" ] /* anonymous object type */

INTERFACE object_interface

IMPLEMENTATION object_implementation

END

subtypelist ::=

SUBTYPEOF ObjectType_Identifier
f"," ObjectType_Identifier g
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Now we want to discuss in detail the four constituents of an application-class
de�nition, the metaclass, the own type, instance type, and the initialization.

An application class is an object; hence, it must be de�ned as an instance of a
metaclass. This is speci�ed by the clause of the formMETACLASSClass Identifier.
The object representing the application class is created as an instance of the meta-
class identi�ed by Class Identifier. The metaclass can be chosen from a set of
classes that contains prede�ned metaclasses like KERNEL-APPLICATION-CLASS
for standard applications or user de�ned metaclasses provided by a metaclass li-
brary. If no metaclass is speci�ed, KERNEL-APPLICATION-CLASS is taken as
the default metaclass.

An application class may have an associated object type as its own type, which
de�nes application speci�c properties and methods for the object representing the
application class. For example, an application class may require a speci�c object-
creation method that initializes the individual new instances of the application
class, or it may require a sort method that sorts the individual objects with respect
to a speci�c property. The own type of an application class is speci�ed by the
optional clause of the formOWNTYPE object type. This can be done either by
an in-place anonymous object type de�nition or by identifying the object type by
name.

An object type is associated with every application class as its instance type,
which de�nes the properties and methods for the individual objects collected by
the class. The instance type of an application class is speci�ed by the clause of the
form INSTTYPE object type.

The application�-speci�c initialization of the object representing the application
class can optionally be speci�ed with the init clause INIT method calls. It consists
of the speci�cation of a sequence of method calls that will be executed after the
application class has been created as an instance of the associated metaclass during
the database creation process.

Schema 2. Speci�cation of class Person

CLASS Person METACLASS PG_Metaclass

INSTTYPE OBJECTTYPE
INTERFACE
METHODS city(): STRING;

street(): STRING:

IMPLEMENTATION
METHODS
city(): STRING; fRETURN SELF->getValue('city');g;
street(): STRING;fRETURN SELF->getValue('street');g;

END
INIT Person->init('Person')

// attach to relation Person in the Postgres database

END
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Speci�cation of Metaclasses Metaclasses are used to describe the common struc-
ture and behavior of classes and their instances, which may not be known at the
time a metaclass is de�ned. This means that the types and the classes of the objects
representing the application classes and their instances are not known at the time
the properties and methods provided by a metaclass are speci�ed. The designer of
a metaclass knows only that the properties and methods provided by the metaclass
operate on objects. To overcome this problem, VML provides the primitive data
type object identi�er OID, which can be used to refer to an object whose class is
not known.

The concept of metaclasses is homogeneously integrated with the other concepts
of VML. Metaclasses and application classes are treated uniformly as classes. Hence,
the de�nition of metaclasses follows the same rules as given for application classes.
In addition, it is possible to specify the common structure and behavior for the
instances of the instances of a metaclass by associating an object type as instance-
instance type to the metaclass.

meta_class_definition ::=

CLASS Class_Identifier METACLASS Class_Identifier
[ OWNTYPE object_type]

INSTTYPE object_type

INSTINSTTYPE object_type

[ INIT method_calls]

END

In addition to the clauses of an application-class de�nition, an object type is
associated with every metaclass as its instance-instance type. This object type
de�nes the common properties and methods for the individual objects collected
by the instances of the metaclass, which themselves are classes. The instance-
instance type of a metaclass is speci�ed by the clause of the form INSTINSTTYPE
object type. Examples for metaclasses will be given in Section 15.2.2, VML Class
System for Database Integration.

Determining the Structure and Behavior of Objects

As previously mentioned, classes determine the structure and behavior of their
instances. More precisely, an application class determines

(1) the application-speci�c structure and behavior of its instances, which represent
the real-world objects dealt with in an application program, for example, the
content and position of a hypertext node, and

(2) the application-speci�c structure and behavior of the application class itself,
for example, a speci�c object creation and initialization method for nodes.

The speci�cation of the structure and the behavior is given with object types
that are associated with an application class. In (1), an appropriately de�ned object
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type is associated with the application class as its instance type (as it a�ects the
instances of the class). In (2), an appropriately de�ned object type is associated with
the application class as its own type (as it a�ects the own structure and behavior
of the class as an object).

In this respect, metaclasses are more powerful than application classes. They
determine not only the structure and behavior of their instances, but also the struc-
ture and behavior of the instances of its instances. That is, a metaclass determines

(1) the structure and the behavior of the metaclass itself, for example, a speci�c
object creation and initialization method for classes,

(2) the common structure and behavior of its instances which are classes (i.e.,
application classes or metaclasses), for example, the general object creation
and initialization method for instances of an application class, which does not
consider any application-speci�c requirements, and

(3) the common structure and behavior of the instances of its instances (which
are classes), for example, the common method that returns the class of an
instance.

In (1), an appropriately de�ned object type is associated with the metaclass as its
own type (as it a�ects the own structure and behavior of the metaclass as an object).
In (2), an appropriately de�ned object type is associated with the metaclass as its
instance type (as it a�ects the instances of the metaclass). In (3), an appropriately
de�ned object type is associated with the metaclass as its instance-instance type (as
it a�ects the instances of the instances of the metaclass).

Figure 15.5 shows this scheme: The own type of the metaclass MC a�ects the
structure and behavior of the metaclass itself. The instance type of the metaclass
MC a�ects the structure and behavior of the instances of the metaclass MC (i.e.,
the class C). The instance-instance type of the metaclass MC a�ects the structure
and behavior of the instances of the class C. The own type of the class C a�ects the
structure and behavior of the application class itself. The instance type of the class
C a�ects the structure and behavior of the instances of the class C.

The interface de�ned for an object is the set of methods that are de�ned for the
object, that is, that can be executed directly for the object. The interface depends
on the de�nitions given with the object types associated with the object's class and
with the class's metaclass. In general, the interface de�ned for any object consists
of

� the methods speci�ed with the own type of the object, if this object represents
a class, and

� the methods speci�ed with the instance type of the object's class, and

� the methods speci�ed with the instance-instance type of the metaclass of the
object's class.
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Figure 1.5. The general scheme of determining an object's structure and behavior
through its class and the class's metaclass.

For any message that speci�es a method contained in the interface de�ned
for the receiving object, it is guaranteed that the method is executed for this
object. A message is sent to an object by executing a statement of the form
receiver object!m(arglist). In case the method is not contained in the inter-
face de�ned for the object, the message-handling system of VML tries to delegate
the message to another object by executing the method implementation given in
the NOMETHOD clause. Within the body of the NOMETHOD clause, two
prede�ned identi�ers, currentMethod and arguments, are available. The iden-
ti�er currentMethod is bound to the method name m, which has been sent to
receiver object. The identi�er arguments is bound to the argument list of the
message. If the NOMETHOD clause is not de�ned, a run-time error is signalled.
The implementation of the body of the NOMETHOD clause has to be speci�ed
by the user. For example, di�erent inheritance strategies can be implemented.

VML Class System for Database Integration

The class system in VML (see Figure 15.6) is logically partitioned into a set of
system-internal classes and a set of system-external classes. The latter are organized
into four levels:

1. the individual object level (Level 1),
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Figure 1.6. A sample VODAK class system for database integration.

2. the application class level (Level 2),

3. the metaclass level (Level 3), and

4. the root level (Level 4).
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Presumably, an application user will see and use the bottom two levels. He will
query, update, create, and remove individual objects of application classes. It is the
task of an application developer, working on levels 2 and 3, to de�ne new application
classes as instances of some prede�ned metaclasses. At the metaclass level the
system administrator may de�ne new metaclasses and, thus, enhance the modeling
capabilities of the prede�ned kernel model for, for example database integration.

The initial metaclass system of VML consists of VMLCLASS and METACLASS
at the root level, KERNEL-APPLICATION-CLASS at the metaclass level, and
a few other system-internal metaclasses, which cannot be changed or modi�ed.
They are built-in classes and provide for the basic and system inherent capabilities.
Changing or extending the de�nitions for these classes will change the standard
modeling capabilities of VML.

In Figure 15.6 the initial metaclass system is identi�ed by the shadowed boxes.
The system-internal classes provide the basic structures and behavior in order to
deal with classes, objects, and the data dictionary of a database. The class VML-
CLASS provides capabilities like object creation, object deletion, and object storage.

The class METACLASS serves as the root for any metaclass introduced and
de�ned by a system administrator. The class KERNEL-APPLICATION-CLASS
is the default metaclass for user-de�ned application classes. Their corresponding
instance types and instance-instance types are derived from the instance type and
instance-instance types of VMLCLASS, according to Figure 15.7. This �gure illus-
trates the initial object type hierarchy. All object types in the system are organized
by that type hierarchy. The root of this subtype hierarchy is the type �. This type
does not de�ne any properties and methods. Every object type is either a direct
subtype of � (which is the default when no explicit supertype is speci�ed), or it is
a subtype of another object type; that is, it is an indirect subtype of �.

Every database schema contains this initial metaclass system. All object types,
application classes, and metaclasses are built up using this initial metaclass sys-
tem. For a detailed description of the de�nitions of the initial metaclass system,
see[KAN94].

To provide special functionality for the integration of existing heterogeneous
database systems, we incorporate additional metaclasses. These metaclasses will be
used in Section 15.3 to illustrate the realization of integrated schemas.

(1) To provide functions to access an existing external database system from
VODAK, we specify metaclasses that provide for the mapping of relational
schemas to VODAK schemas. In this paper we use PG Metaclass to access
data stored in an extended relational Postgres database and Sybase Metaclass
to access data stored in a relational Sybase database. These metaclasses are
used to de�ne the classes constituting the export schemas for an external
database in VML (see also [KFA94]). They provide methods like getValue to
retrieve the value of an attribute in an external database and init to attach a
VML class to an external relation. Several versions of such metaclasses, dif-
fering in the complexity of mappings they support, are available. See [KFA94]
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Figure 1.7. The initial subtype hierarchy.

for a discussion of these issues. Schema 3 shows the de�nition of PG Metaclass
and Sybase Metaclass. For the discussion in this paper we can assume that
the latter is de�ned like PG Metaclass.

Schema 3. Speci�cation of metaclasses PG Metaclass and Sybase Metaclass

SCHEMA ExternalDatabaseConnectionPrimitives

OBJECTYPE PG_Metaclass_InstType

SUBTYPEOF VML-Class_InstType

INTERFACE
METHODS init(rel: STRING);

// other defs not relevant here, see [KFA94] for details

END
OBJECTYPE PG_Metaclass_InstInstType

SUBTYPEOF VML-Class_InstInstType

INTERFACE
METHODS getValue(att: STRING): STRING;

// other defs not relevant here, see [KFA94] for details

END
CLASS PG_Metaclass METACLASS Metaclass
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OWNTYPE PG_Metaclass_OwnType

INSTTYPE PG_Metaclass_InstType

INSTINSTTYPE PG_Metaclass_InstInstType

END;

CLASS Sybase_Metaclass METACLASS Metaclass

OWNTYPE Sybase_Metaclass_OwnType

INSTTYPE Sybase_Metaclass_InstType

INSTINSTTYPE Sybase_Metaclass_InstInstType

END;

END SCHEMA

(2) To support restructuring of import schemas in order to overcome structural
heterogeneities we introduce the metaclass VirtualClass. It allows the de�ni-
tion of virtual classes derived from local classes speci�ed in import schemas.
VirtualClass provides the following methods:

� virtualClassOf allows assigning a class from an import schema to a virtual
class.

� localClass returns the local class in an import schema assigned to a virtual
class.

� virtualOf returns the instance of a local class for a virtual instance of a
virtual class.

� in allows navigating from an instance of a virtual class to an instance of
another virtual class.

Schema 4. Speci�cation of metaclasses VirtualClass

SCHEMA DatabaseIntegrationPrimitives

OBJECTTYPE VirtualClass_InstType

SUBTYPEOF VML-Class_InstType

INTERFACE METHODS:
localClass () : Oid;

virtualClassOf(localclass: Oid);

IMPLEMENTATION
PROPERTIES: virtualClassOf: Oid;

METHODS:
localClass () : Oid;

f RETURN virtualClassOf;g
virtualClassOf(localclass: Oid);

fvirtualClassOf := localclass;g
END

OBJECTTYPE VirtualClass_InstInstType
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SUBTYPEOF VML-Class_InstInstType

INTERFACE METHODS:
virtualOf () : Oid; // returns id of local object

setVirtualOf(object: Oid);

in(virtualClass: Oid) : Oid;

IMPLEMENTATION
PROPERTIES: virtualOf: Oid;

METHODS:
virtualOf () : Oid; f RETURN virtualOf;g
setVirtualOf(object: Oid); fvirtualOf := object;g
in(virtualClass: Oid) : Oid

f VAR s: fOIDg;
virtualObject : OID; // defaults to NULL

if ( SELF->class()->localClass ==

virtualClass->localClass())

then f
s:= ACCESS v

FROM v IN virtualClass->allInstances()

WHERE v->virtualOf() ==

SELF->virtualOf();
FORALL (virtualObject IN s) ;

g // a single elem in s

RETURN virtualObject;g
END

CLASS VirtualClass METACLASS Metaclass

INSTTYPE VirtualClass_InstType

INSTINSTTYPE VirtualClass_InstInstType

END;

END SCHEMA

(3) To support the de�nition of integrated classes, which integrate classes from
di�erent restructured export schemas, we introduce a set of additional mod-
eling primitives by metaclasses. In this paper we refer only to two of these
modeling primitives, role generalization and category generalization. They are
provided by the metaclasses RoleGeneralization and CategoryGeneralization.
These metaclasses provide for the necessary methods for integrating existing
classes and for transforming to and from di�erent representations of the same
real-world object. More details are given in Section 15.3. A comprehensive
description of the implementation of the metaclasses and their usage can be
found in[Kla90] and[KNS90a].

It is important to note that these additional de�nitions of metaclasses, which
tailor VODAK for database integration have been developed by model designers and
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not by the end user, for example the schema integrator working with the Schema
Integrators Workbench.

1.2.3 Transaction Management

One important research area in database integration is transaction management. If
more than just read-only queries are considered, concurrent transaction executions
have to be controlled by transaction management. This avoids inconsistencies due
to invalid interleavings of concurrent transactions, transaction aborts, and system
failures. The aim of the VODAK transaction management is twofold. First of all,
by utilizing information about structure and semantics of operations, VODAK's
open nested transactions provide for a high degree of concurrency compared to
conventional 
at transactions. This is crucial for the performance of transactions
on integrated data, because the process of data integration creates very complex
objects. Hence, transactions accessing and updating this data will touch many
subobjects and will, therefore, be long-lasting compared to transactions in homo-
geneous systems. Secondly, the VODAK transaction management has to take the
heterogeneity and autonomy of the integrated systems into account. VODAK's
heterogeneous three-level transactions model this by explicitly considering the in-
terface to the integrated systems, autonomous local transactions, and new criteria
for con
ict de�nitions between operations at the interface level of the integrated
systems. VODAK's heterogeneous three-level transactions are implemented by us-
ing VODAK open nested transactions in the VODAK central database environ-
ment and in the VODAK external database environments, respectively. Compared
to existing approaches for transaction management in heterogeneous systems (see
[BGS92, Elm92] for an overview), our model provides for a higher degree of par-
allelism, and even more important, for a broader range of applicability in di�erent
application scenarios, because it can be parameterized for di�erent requirements in
terms of serializability.

Principles of Open Nested Transactions

In this section, we review the main principles of open nested transactions
[BSW88, MRKN92, MRW+93, RGN90, WS92] (cf. also [Dav78, Gra81]). An open
nested transaction is essentially a tree of method invocations, usually referred to
as \action". The edges in the tree represent the caller-callee relationship between
actions; that is, the children of a node in the transaction tree are invoked to im-
plement the action that is associated with the node. We assume that there exists
a semantic con
ict test for each possible pair of method invocations. The con
ict
test for a pair of actions does usually not depend on the descendants of the ac-
tions, but refers only to the observable behavior (i.e., the speci�ed semantics) of
the two invoked methods. This property is a crucial prerequisite for a modular
implementation of the proposed semantic concurrency control and for reasoning
about its correctness in a modular manner. The most common form of con
ict test
is to look up a compatibility matrix. Such a compatibility matrix can take into
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Figure 1.8. The compatbility matrix for the VML datatype SET.

account the actual input parameters of methods, return values, or the state of the
accessed object [BBG+83, CRR91, LMWF92, O'N86, Wei88]. Figure 15.8 shows
the compatbility matrix that is used for the VML datatype SET.

A concurrent execution of a set of open nested transactions is essentially a partial
order of the actions of the executed transactions. A concurrent execution is called
semantically serializable if it is equivalent to a serial execution of the transaction
roots in the following sense [BBG89]: A serial execution can be stepwise constructed
from the original execution by

1. exchanging the order of two adjacent, noninterleaving subtrees if their roots
are commuting actions, and by

2. reducing an isolated subtree to its root, where a subtree is called isolated if
all its descendants are serial and the entire subtree is ordered with respect to
all other actions (i.e., not interleaved with other subtrees).

A locking protocol for open nested transactions proceeds as follows [MRW+93].
Each action of an open nested transaction must acquire a semantic lock, according
to the invoked method. Thus, exploiting the semantics of the methods allows us to
execute two compatible update methods on the same object concurrently, that is,
without blocking. However, two con
ict-free actions may still have con
icts among
their descendants, that is, on the underlying implementation objects. The locks
acquired by the descendants prevent unacceptable lower-level inconsistencies and
ensure that higher-level actions appear as if they were indivisible. This means es-
sentially that nonleaf nodes of the transaction tree are executed as subtransactions
and that semantic serializability is guaranteed for each set of subtransactions, the
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roots of which operate on the same object. The locks of the actions in a subtrans-
action are released upon the completion of the subtransaction, rather than being
passed to the subtransaction's parent as in the conventional model of closed nested
transactions [Mos85]. This means that subtransactions commit, that is, expose
their e�ects, independently of the commit of their ancestors; hence the name open
nested transactions. However, because the parent of a committed subtransaction
holds a higher-level semantic lock, the e�ects of the subtransaction are visible only
to actions that commute with the root of the subtransaction. This locking protocol
ensures semantic serializability, that is, equivalence to a serial execution as viewed
by the top-level actions of the executed transactions.

Figure 15.9 contains the concurrent execution of three open nested transactions.
Transaction T1 inserts elements e and h into set s. On the next abstraction level,
counter c is incremented by 1, which results in read and write operations on the
page level. Transaction T2 concurrently tests whether element g is included in the
set. Because these operations commute with the insert operations of T1 (see com-
mutativity table), both transactions can proceed in parallel. At the next lower level,
a con
icting read is called. But because of the commuting operations accessing the
set s, transaction T2 can proceed after the commit of the subtransaction insert(s,e)
called by T1. In the same manner, the other insert of T1 can be executed in parallel
with the includes operation of T2. The transaction T3 reads the counter c directly
without accessing �rst the set s (for performance reasons or because the counter is
shared by another set). Thus, T3 con
icts with transaction T1 on the toplevel.

Open nested transactions gain concurrency, that is, reduce the number of lock
con
icts, by exploiting the semantics of methods at all levels of the transaction
trees, and by committing subtransactions early. The consequence of the early com-
mit is that transaction aborts (and the undo phase of crash recovery) can no longer
be implemented by restoring the pre-transaction state of the modi�ed storage-level
objects (i.e., objects modi�ed by the leaves of a transaction tree). Rather, com-
mitted subtransactions must be compensated by means of appropriate "inverse"
methods. The necessary compensating subtransactions are again subject to the
semantic concurrency control protocol sketched above. Recovery issues for open
nested transactions and the special case of multilevel transactions are further dis-
cussed in [BSW88, GM83, HW91, KLS90, MGG86, WHBM90, Wei91].

Heterogeneous Three-Level Transactions

VODAK heterogeneous three-level transactions make the bene�ts of the open
nested transaction model available to heterogeneous and autonomous systems. We
have to consider two problems. The �rst is the autonomy of the integrated systems,
preventing us from simply using concepts developed for homogeneous distributed
systems. The second is the performance, measured in the potential degree of paral-
lelism between transactions. We developed a heterogeneous three-level transaction
model, which can be parameterized to di�erent application requirements and dif-
ferent degrees of autonomy by utilizing the semantics of methods like open nested
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transactions. In contrast to other approaches, we explicitly consider the inter-
face to the integrated systems in terms of exported local transaction programs
instead of simple read/write operations. Exported local transaction programs and
autonomous local transactions are assumed to always ensure local consistency con-
straints if executed in a locally serializable way. The only requirement for existing
systems to be integrated is to provide ACID transaction properties [HR83].

Heterogeneous three-level transactions consist of three levels of transactions.
Level L2 consists of executions of methods in the central VODAK database envi-
ronment. Transactions on this level are treated as open nested transactions. If a
method in an external VODAK database environment is called, it will be executed
as a transaction at level L1. Again, these transactions are handled as open nested
transactions. Eventually, operations of integrated systems (i.e. transaction pro-
grams) are called. They are executed by the integrated systems and represent the
L0 level in our model. We assume that the integrated systems ensure serializability
of L0 transactions. There is no limit on the number of subtransactions per global
transaction and integrated system. Figure 15.10 gives an example. For the sake of
simplicity, we do not represent the nesting of the open nested transactions at levels
L2 and L1. Instead, we treat open nested transactions at these levels as single
actions in the heterogeneous three-level model [Mut94].

TG1 and TG2 represent global transactions transferring money between bank
accounts at banks bank1 and bank2. They execute transaction programs trans
exported by both banks for global usage. TL3 and TL4 represent autonomous local
transactions as the execution of transaction programs at level L1: TL3 transfers
money between local accounts of bank1, TL4 reads the value of an account at bank2.
Consider the schedule at level L1. This schedule is not read/write serializable,
because in bank1 TG1 is executed before TG2, and in bank2 TG2 is executed before
TG1 and both update the same data.

Even though the execution shown in Figure 15.10 will not cause any inconsis-
tencies of data or return values. Let us �rst consider the schedule at bank1. All
transactions in the schedule just transfer money between bank accounts. If there
is no upper or lower limit on the accounts, all L1 actions commute. Because the

T1

incr (c, 1)

read (p) write (p)

insert (s, e)

T2

includes (s,g)

read (c)

read (p)

... incr (c, 1)

read (p) write (p)

insert (s, h)

...

...

T3

read (c)

read (p)

Figure 1.9. Concurrent execution of two open nested transactions.
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Figure 1.10. Transactions in the heterogeneous three-level model.

corresponding L0 transactions are serialized by the integrated systems (actually ex-
ecuted serial in the example), the L1 schedules at both banks are serializable. In
addition, the L1 schedule at bank1 does not even de�ne an execution order between
TG1 and TG2. The situation at bank2 is di�erent. The read action of TL4 at
level L1 introduces an indirect con
ict ([DEL+89]) between TG2 and TG1. TG2

and TG1 do not directly con
ict, but because read and trans do not commute, the
resulting serialization order is TG2 before TG1.

In general, it is impossible for the VODAK transaction management on either the
central VODAK database environment or on the external database environments
to detect indirect con
icts involving autonomous local transactions. The solution
is to make sure that at level L1 no con
ict between actions of global transactions
and local transactions are possible. This can only be ensured by disallowing the
execution of such global actions or local transactions completely. The sets of allowed
global actions and local transactions are parameters of the heterogeneous three-level
transaction model. Other systems ensure a similar property by partitioning the data
into locally and globally updateable data items [BST90], [MRB+92], that is, local
and global transactions must not update the same data. The schedule of Figure
15.10 at bank1 shows that by utilizing then semantics of methods, this requirement
is too restrictive. TG1, TG2 and TL3 update the same data without causing any
inconsistent data or return values.

On the other hand, considering the property of commutativity of methods is also
not su�cient. TL4 does not update any data, and the return value is correct from
a local point of view for both execution orders of TG1 and TG2, because L0 serial-
izability is su�cient to ensure consistent results of autonomous local transactions.
Global transactions are not a�ected by reads of autonomous local transactions as
well. As a consequence, there is no need to de�ne a con
ict between L1 actions
of global transactions and read operations of autonomous local transactions. TL4
should be allowed to be executed. In the heterogeneous three-level model, we are
able to model this by de�ning less restrictive con
ict criteria than commutativity.
This enables us to allow more types of global L1 actions and autonomous local
transactions to be executed.

According to architectural properties of integrated systems like VODAK (e.g.
autonomous local transactions access and update data in a single existing system
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only), we de�ne two new con
ict criteria: global and local commutativity. Global
commutativity requires only two methods to commute from a global point of view,
such as trans of TG1 and TG2, and read of TL4. Local commutativity requires two
methods to commute from a local point of view. It can be shown that both con
ict
criteria ensure that no global or local consistency constraint will be violated and no
return value will be inconsistent in the heterogeneous three-level model.

If applications explicitly abandon consistency constraints, the con
ict criteria
can be even less restrictive. As the heterogeneous three-level model can be param-
eterized by giving di�erent con
ict criteria, it can also be used for these scenarios.

Recovery is handled by executing inverse actions to compensate changes of trans-
actions that are to be aborted. Inverse actions are required for level L1 and L2,
because L0 recovery is handled by the integrated systems as part of their transaction
management. The execution of inverse actions is again controlled by concurrency
control and recovery of VODAK. This allows us to treat concurrency control and
recovery together in a homogeneous way.

Because L2 and L1 transactions are executed as open nested transactions in the
central VODAK database environment and the local VODAK database environ-
ment, respectively, heterogeneous three-level transactions use concurrency control
and recovery of VODAK as described in the previous subsection, Principles of
Open Nested Transactions. Besides communication facilities provided by the VO-
DAK communication manager, the only additional requirement for implementing a
heterogeneous three-level transaction management is an atomic commitment pro-
tocol. Because we use inverse actions for recovery, there is no need to require the
integrated systems to support a kind of two-phase commit [MR91]. We require only
a function to detect the outcome of an L0 transaction after a system crash.

By using open nested and heterogeneous three-level transactions, VODAK pro-
vides users with full-
edged transaction support for transactions that spawn several
integrated systems. Both criteria, high degree of parallelism and applicability for
di�erent kinds of application scenarios, are ful�lled by (1) utilizing the semantics of
methods and (2) parameterizability of the model by allowing/disallowing di�erent
types of global L1 actions and autonomous local transactions and by using di�erent
con
ict criteria at level L1.

Speci�cation in VML

VODAK transactions are available via the system internal functions for ac-
cessing VML datatypes and via statements specifying commutativity and undo
information for object types [MR93, GMD95].

� A transaction is a list of VML statements that will be executed in isolation
from other transactions completely or not at all. Database objects can be only
accessed by statements of a transaction. A speci�c statement can be used to
program the abort of a transaction; that is, all the e�ects to database objects
of already executed statements are undone.
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transaction_statement ::=

BEGIN TRANSACTION
statement

END TRANSACTION

abort_statement ::=

ABORT TRANSACTION

The schema programmer can specify methods as subtransactions. Subtrans-
actions must be de�ned together with a speci�cation of commutativity of
subtransactions and how to undo updating subtransactions.

� A subtransaction can be only speci�ed as a complete method and not as
a part of a method. The speci�cation of a method as a subtransaction is
independent from the speci�cation of other methods for the same object type,
see also Section 15.2.2, Data and Object Types.

method_signature ::=

[ SUBTRANSACTION ]

method-Identifier "(" [formal_parameter_list] ")"

[":" return-datatype] [ READONLY ] ";"

� A commutativity de�nition of an object type de�nes which subtransactions
commute with each other under which conditions. The commutativity table
is de�ned for the method of object types (see also Section 15.2.2, Data and
Object Types) because objects as class members can be accessed only via the
methods of the object types used by a class. No interference of methods of
di�erent object types for an instance is possible because their sets of properties
are disjunctive. Commuting methods are speci�ed as pairs of regular method
calls but with a list of formal parameters. Two properties of commutativity are
taken to implicitly de�ne commutativity. (1) Read-only methods (as de�ned
in the schema) commute with each other. (2) Commutativity is symmetric;
that is, if method a commutes with method b, then b commutes also with a. If
no return values are used in the commutativity speci�cation, the speci�cation
of every commuting method pair is applied in the reverse order also. Using a
return value (i.e., [ RETURNS Identifier ] is used) results in one entry of
the corresponding commutativity table.

commuting_definition ::=

COMMUTING
f commuting_method_pair f "," commuting_method_pair g
[ boolean-expression_method_body ] ";" g
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commuting_method_pair ::=

method_call_with_identifiers [ RETURNS Identifier ] ":"

method_call_with_identifiers

method_call_with_identifiers ::=

method_Identifier "(" [ Identifier f "," Identifier g ] ")"

� An undo de�nition of a subtransaction speci�ed within a method de�nition
(see also Section 15.2.2, Data and Object Types) de�nes which other method
undos the e�ect of the subtransaction. The model of open nested transactions
allows parallel updaters on the same object. Hence, the application program-
mer must specify a method to undo updating subtransactions. The undo
methods must ful�ll the following property. After the execution of a method
and the corresponding undo statements, the following must hold:

1. No other method can see the execution of the do and the undo methods.

2. The e�ect of other methods that can be executed concurrently must not
be destroyed by the undo method.

In some special cases the undo method relies on the do method. For example,
the undo of deleting an object is inserting the deleted object. Therefore, the
insert method must know the deleted object. In general, some information
must be saved before the do method is executed. An optional statement is
available for this case. The information can be stored in variables accessible by
the both method bodies of the undo clause and the method call. An optional
after statement provides access to data modi�ed by the do method and to the
return values of the method.

undo_definition ::= UNDO
[ variable_declaration_list ]

[ RETURNS Identifier ]

[ BEFORE Before_method_body ]

[ AFTER After_method_body ]

INVERSE method_call_with_identifiers

1.3 Schema Integration

Independently designed databases typically maintain overlapping information with
di�erences in naming, granularity, degree of abstraction, and scaling. To meaning-
fully exchange data between them and to provide integrated access to them, these
di�erences have to be resolved. With complex schemas, this cannot be achieved
realistically by implementing ad hoc mappings between corresponding subschemas
as advocated by the multidatabase approach, but requires a methodology to assist
the design and maintenance of such mappings.
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We aim at integrated schemas to which heterogeneous schemas are mapped to
resolve di�erences between corresponding subschemas. However, we do not aim
at a complete, global integrated schema, which overcomes all heterogeneities, but
rather want to assist the incremental design and maintenance of integrated schemas,
according to the speci�c needs of an integrated application. For this purpose we
develop a declarative methodology for schema integration. Users can declare cor-
respondences between schema constituents that contain overlapping instances ac-
cording to their world view. To allow for the resolution of di�erences in represen-
tation, we consider not only correspondences between constituents of equal kind,
like between two classes from di�erent schemas, or between their direct attributes,
but also for correspondences between classes and attributes, and more importantly,
between paths composed of several references between classes. The declared cor-
respondences are checked for consistency, and from consistent correspondences an
integrated subschema is generated together with mappings from the heterogeneous
corresponding local subschemas. The methodology is based on a 
exible notion
of schema uni�cation that allows for augmenting the structural granularity of cor-
responding subschemas in order to overcome their heterogeneity. In addition, we
develop concepts to assist the detection of possibly corresponding subschemas using
fuzzy terminological knowledge about the application domain.

The remainder of this section is organized as follows. In Section 15.3.1 we
will introduce a graph-oriented notation for the data modeling primitives that we
consider for integration. In Section 15.3.2 we will introduce augmenting transforma-
tions, which we use to overcome structural heterogeneities between corresponding
subschemas. In Section 15.3.3 we will illustrate how these augmenting transforma-
tions can be generated from correspondences between paths. In Section 15.3.4 we
will exemplify, how integrated schemas are realized in VODAK.

1.3.1 Common Data Modeling Primitives

In this section we distinguish between the following kinds of classes: kernel-applica-
tion classes, virtual classes, category-generalization classes, and role-generalization
classes. Kernel-application classes maintain their instances directly, whereas virtual
classes derive their instances from instances of other classes (see Section 15.3.4).
Category-generalization classes form the disjoint (not necessarily covering) union of
the instances of their specialization classes, whereas role-generalization classes form
the possibly overlapping union of their specialized classes. The class behavior of
these di�erent kinds of classes is realized by metaclasses (recall Section 15.2.2).

We use the following graphical notation for the data model covered by the in-
tegration methodology (recall Section 15.2.2 on VML). Kernel-application classes
and virtual classes are represented by labeled �, category-generalization classes are
represented by labeled �, and role-generalization classes are represented by labeled
�. By convention all class labels start with a capital letter. Generalization relation-
ships are depicted by(. Single-valued properties connecting classes are represented
by labeled , and set-valued references are represented by with two heads. Prop-
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Figure 1.11. The modeling constructs.

erties are represented by their property name and are associated to classes by  .
Because the focus of the integration methodology lies on the schema level, we do not
consider the type of a property. Figure 15.11 gives some examples of the graphical
notation.

A schema is thus represented by a graph G(V, E, label), where the set of vertices
V = V� ] V� ] V� ] VA, ] denoting disjoint union, and the set of edges E =
ES ]ER ]EM ]EP , ES denoting the set of generalization relationships, with ER
denoting the set of single-valued references, EM denoting the set of multivalued
references, and EA denoting the set of properties, and label is a labeling function
that associates to each vertex in V and to each edge in ES ] ER ] EM , a unique
label.

1.3.2 Overcoming Structural Heterogeneities by Augmentation

The goal of schema integration can be stated as follows: Given a number of hetero-
geneous local schemas design, an integrated schema in such a way that each local
schema can be considered a view of it [Bre90]. In particular, corresponding sub-
schemas that maintain overlapping instances should be represented homogeneously
in the integrated schema. For this purpose corresponding subschemas usually have
to be restructured, because they exhibit di�erences in structural granularity and
in degree of abstraction. For example, a path along class-valued properties in one
schema may be represented as a direct reference between two classes in another
schema, or a generalization hierarchy in one schema may be di�erentiated into
more levels in another schema.

To cope with these di�erences, we need a notion of view, which comprises not
only projections onto subgraphs of a schema and restrictions on the instance graph,
but also contractions of a schema. Contractions restructure a schema by discarding
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a class and combining the references to that class with the references going out from
the class into direct references. A sequence of contractions thus transforms a path
into a single edge.

In the framework of schema integration the, pre-existing heterogeneous schemas
are the views. Thus, in order to resolve di�erences between corresponding sub-
schemas we have to perform the inverse of contractions, augmentations, which in-
troduce additional classes into a local subschema, to adapt it to a corresponding
subschema, which models ovelapping instances at a �ner grain. We distinguish
between four groups of augmentations:

1. Augmentations that use independent properties of a class to generate roles of
the class: Such a transformation partitions the set of references and properties
of a class disjointedly, but does not categorize them. As a consequence, when
mapping subschemas to each other, a reference or property may be sought
only in one role specialization, but may be categorized and associated to more
than one category specialization. For example, in Figure 15.12 the (possibly
null-valued) properties job and favoriteResort are used to distinguish Persons
into explict roles Employee, who all have a job, and Tourist.

Person �

job

favoriteResort

favoriteResort

Person
�

Employee Tourist
� �

job
�

Figure 1.12. Substantiation of role properties.

Person �

job

favoriteResort

favoriteResort

Person

Employee Tourist
� �

job
� �

Figure 1.13. Inconsistent transformation.

Two independent references or properties, however, cannot be reasonably dis-
tributed among category specializations. For example (Figure 15.13), because
of the disjointedness of Employee and Tourist at the right-hand side, there
exists no Person that has a Job as well as a favorite Resort as required
by the schema in the left-hand side. Thus an integrated schema on top of
these schemas, which identi�es Person.job with Person.Employee.job as well
as Person.favoriteResort with Person.Tourist.favoriteResort, cannot contain
any instances.
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Figure 1.14. Introduction of abstractions.

2. Augmentations that introduce additional abstractions: this comprises the in-
troduction of an intermediate generalization abstraction, as well as the intro-
duction of an intermediate class for a reference or a property (Figure 15.14).

3. Augmentations that use a categorizing property of a class to generate cate-
gories of the class: For example, Persons can be distinguished explicitly into
CivilServants and (Industry)Employees on the basis of the categorizing prop-
erty Employer (Figure 15.15).

� � Employer�Person

� �
Government Industry

�
Person

� � � �
CivilServant Employee Government Industry

EmployedWorksAt Employed

Figure 1.15. Substantiation of categorial properties.

4. Augmentations that introduce a category generalization for multivalued prop-
erties, which have a meaningful abstraction. For example, in Figure 15.16 the
single-valued reference sta� from Project to Participants, which in turn has
multivalued references to Internal Participants and to External Participants,
is transformed into a multivalued reference sta� to Participants, which is now
a category-generalization of Internal Participants, and External Participants.
Whereas in the �rst modeling, the distinction between Internal Participants
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Figure 1.16. Grouping of categories vs. reference to classes with multivalued
references.

and External Participants is achieved by references, there is an explicit ab-
straction of them, Participants, available in the second modeling, which can,
for example, be used to attach common properties and methods.

On the basis of these augmentations, we can de�ne the goal of schema integra-
tion as follows: Identify corresponding subschemas and adapt them to each other
by applying augmenting transformations so that they become isomorphic. The aug-
mented subschemas then constitute the integrated schema.

1.3.3 Declarative Methodology for Schema Integration

Using the augmentations as introduced in the previous subsection directly would
amount in a procedural approach to schema integration. With such an approach
users have to comprehend complex schemas in order to determine possibly cor-
responding subschemas and to intellectually choose appropriate augmentations to
make corresponding subschemas isomorphic. In this section we devise a declarative
methodology to support the automatic generation of augmenting transformations
on the basis of correspondences between schema constituents declared by the user.

Figure 15.17 shows the main components we develop to support such a method-
ology. By means of a graphical schema editor for multiple schemas and with the help
of conceptual background knowledge, to cope with naming inconsistencies [FKN91]
users �rst identify vertices from di�erent schema graphs that possibly contain over-
lapping instances. Thus, for two schema graphs G1(V1; E1); G2(V2; E2), as intro-
duced in Section 15.3.1, initially an integrated graph G(V ] (V1 � V=G1) ] (V2 �
V=G2); E1]E2) is formed where V contains all pairs of user-identi�ed vertices, and
V=Gi denotes the set of vertex pairs in V projected on vertices in Gi, and E1 and
E2 are not integrated at all.

Then possibly corresponding paths are determined. We use two approaches to
assist users in detecting corresponding paths. For resolving the special case of an
inconsistency, in which an edge between already identi�ed vertices in one schema
corresponds to a path in another schema, we use a variation of the well-known
algorithm by Dijkstra for determining the shortest path between two vertices in a
weighted graph [MGPF92a]. To assist the detection of more general inconsistencies,
we enrich classes with their immediate attributes and relationships semantically by
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Figure 1.17. Architecture for declarative methodology.

embedding them in a fuzzy conceptual knowledge base, using a restricted form of
maximum spanning trees [FN92]. Paths that correspond via their enriched repre-
sentation also form good candidates for a possible correspondence.

To perform the actual integration, the path correspondences have to be checked
for consistency in order to guarantee that the corresponding subschemas can be
augmented to form an integrated schema. In case of a con
ict the user gets pre-
sented the con
icting path correspondences for intellectual resolution. To consis-
tent correspondences, uni�cation rules are applied, which perform the necessary
augmentations to arrive at an integrated schema.

In the following we will detail the actual integration step. First, we will introduce
the constraints on path correspondences that must be ful�lled so that a sequence
of augmenting transformations exists to adapt the corresponding schemas to each
other. Then we will present the uni�cation rules that are used to generate integrated
schemas from consistent correspondences.

Constraints on Path Correspondences

Because we allow only for augmenting transformations to adapt corresponding
subschemas to each other, there cannot be arbitrary correspondences between paths.
To rule out inconsistent path correspondences, we use three group of constraints:
(a) constraints limiting the number of path correspondences to be investigated, (b)
constraints on paths within a schema, and (c) mutual constraints on path corre-
spondences.

Throughout this section we use the following notational conventions. For the
initial integrated graph G(V ](V1�V=G1)](V2�V=G2); E1]E2) as de�ned above,
pi denotes paths with edges from E1 (possibly of zero length), qi denotes paths with
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edges from E2 (possibly of zero length), pi � qj denotes path correspondences, vi
denotes vertices from the common set V, xi denotes vertices from V1�V , yi denotes
vertices from V2�V . Indices, if necessary, are taken from natural numbers. Vertices,
edges, and paths with di�erent indices are distinct. Deviations are explained, where
they are introduced.

(a) Limiting path correspondences to be investigated: The �rst group of con-
straints is more of a practical nature, because it allows us to limit the paths that
need to be investigated for correspondence.

1. Completeness: All corresponding paths have to share their start vertex and
their end vertex: that is, we consider only paths of the form v1:p:v2 � v1:q:v2.

2. Minimality: We consider only path correspondences v1:p1:v2 � v1:q1:v2,
where there exists no path correspondence v3:p2:v4 � v3:q2:v4 such that v1:p1:v2
is subpath of v3:p2:v4 or v1:q1:v2 is subpath of v3:q2:v4. Path correspondences
may, however, relate mutually overlapping paths. We can impose this restriction
without excluding meaningful correspondences because of the following observa-
tion. If v1:p1:v2 � v1:q1:v2 and v3:p2:v4 � v3:q2:v4, then also v1:p1:v2 ] v3:p2:v4 �
v3:p2:v4]v3:q2:v4, where ] denotes the union of edges. Thus, if v1:p1:v2 is subpath of
v3:p2:v4 or v1:q1:v2 is subpath of v3:q2:v4, the correspondence of the union of paths
can be represented as v1:p1:v2](v3:p2:v4�v1:p1:v2) � v1:q1:v2](v3:q2:v4�v1:q1:v2)
which can be split into v1:p1:v2 � v1:q1:v2 and the possibly two correspondences
(v3:p2:v4 � v1:p1:v2) � (v3:q2:v4 � v1:q1:v2).

If two path correspondences violate this constraint, they are either mutually
redundant (Figure 15.18a), or they are inconsistent (Figure 15.18b), because they
make a property (worksFor) dependent on another property (takes) within the same
schema via the correspondence with another schema.

The redundant correspondence in Figure 15.18a can be expressed by

� Student:takes:Course � Student:takes:Course

� Course:givenBy:Instructor:affiliated:Department �
Course:offeredBy:Department

The inconsistent path correspondences in Figure 15.18b cannot be made consis-
tent, because there does not exist any sequence of augmentations that makes the
two corresponding subschemas isomorphic. In other words, the correspondences
corrupt the structure of the underlying schemas. This leads to anomalies when
updating one of the underlying databases. For example, the deletion of a ref-
erence takes between an instance of Student and Course in Schema 1 would im-
ply (via correspondence 1) a deletion of takes between corresponding instances of
Student and Course in Schema 2, and consequently the deletion of the path Stu-
dent.takes.Course.o�eredBy.Department, together with the corresponding path (via
correspondence 2) Student.worksFor.Department. Thus, the originally independent
references Student.takes.Course and Student.worksFor.Department in Database 1
would become dependent on each other via the introduced correspondences.
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Figure 1.18. Violation of minimality.

From constraints 1 and 2, it su�ces to investigate path correspondences of the
form v1:p:v2 � v1:q:v2, where neither p nor q contains vertices from the set of
corresponding vertices V; consequently, p consists entirely of edges from E1, and q
consists entirely of edges from E2.

(b) Equivalent, con
icting, and inconsistent paths within a schema :
The second group treats paths within a schema:

1. Equivalence of Multiple Role Specializations: Two paths � ( x11 (
: : : ( x1m ( x, � ( x21 ( : : : ( x2n ( x are equivalent, even if some x1i and
x2j are distinct (Figure 15.19).

WorkingStudent

Person
�

Student Employee
� �

�

... ...

Figure 1.19. Equivalence of multiple role generalizations.

2. Acyclicity: No path contains a cycle, when we interpret the schema graph
as an undirected graph. More speci�cally, no path of the form v:p:v may correspond
to a path from the other schema, and two paths of the form v1:p1:v2 and v1:p2:v2,
where p1 and p2 have at least one distinct edge, constitute two candidates for
alternative correspondences with one path v1:q:v2, unless they fall into 1. and thus
are equivalent role specializations.
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(c) Con
icting path correspondences: The third and most interesting group se-
mantically constrains a pair of, or even a set of path correspondences

1. Association vs. Identity: There may not exist any path correspondence of
the form v1() j () � v2 � v1() j ( j:) � y1:y2() j ( j:) � v2, where () j ()�
denotes a path inE1 consisting entirely of specializations or generalization. Likewise
() j ( j:)� denotes a path in E2, and y1:y2 is not a specialization edge inE2 (Figure
15.20).

Person
�

Employee
�

�
Person � �Employeeemploys

Figure 1.20. Violation of association vs. identity.

2. Disjointedness of Category Specialization (a): There may not exist any
two path correspondences of the form

� � ( �x1:p1:v1 � �:q1:v1

� � ( �x1:p2:v2 � �:q2:v2

unless q1 and q2 share some common pre�x and are then divided by category spe-
cialization or variant record themselves (Figure 15.21). Because x1 and x2 denote
disjoint sets of objects in one schema, there cannot be any object in the instance of
a class � in the other schema that has the property v1 as well as the property v2.

jobfavoriteResort

Person

Man Woman
� �

�

Student�
favoriteResort

job
�

Figure 1.21. Violation of disjointedness of category specialization.

3. Disjointedness of Category Specialization (b): There may not exist any
path-correspondence of the form v1:p1 ) � ( p2:v2 � v1:q1() �j ( �j ) � (
�)q2:v2. This constraint corresponds closely to 2, with the di�erence that the cate-
gory generalization is now not an element of the shared vertices.

4. Existence of a Sequence of Augmenting Transformations: There may not
exist any three path correspondences of the form

� v1:x1:p1:v2 � v1:q1:v2
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� v1:x1:p2:v2 � v1:y1:q2:v3

� v1:p3:v4 � v1:y1:q3:v4

For example, for the schemas in Figure 15.22,

� Product:soldat:Sale:client:P erson � Product:soldto:Person

� Company:sale:Sale:client:P erson �
Company:employs:Salesman:inChargeof:Person

are consistent path correspondences. The partially integrated schema according to
these correspondences is shown in Figure 15.23.

Person

�

Salary

Product

�
Sale

Company
�

�

client

soldat

Person

� Salary

Product

Company

�

�

soldto

Schema 1 Schema 2

sale
�

Salesman

inChargeof

Figure 1.22. Two schemas that cannot be made completely isomorphic by aug-
mentations.

�Salesman employs

inChargeof

Person

�

Salary

Product

�Sale

Company

�

�

client

soldat

Salary

Figure 1.23. One possible partially integrated schema.

But the additional path correspondence

� Salary:Person � Salary:Salesman:inChargeof:Person
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is inconsistent with the other two path correspondences, because, in this case, the
schemas could not be augmented in such a way that they become isomorphic, giving
rise to similar deletion anomalies as discussed in the framework of Constraint 2 in
group (a) (minimality).

Uni�cation via Path Correspondences

To actually integrate schemas or classes within a schema or to process a query
against multiple schemas, the path correspondences have to be turned into a se-
quence of augmentation transformations, which make the corresponding subtrees
isomorphic. Within this paper we restrict ourselves to symmetric merging: that is,
in the case of a con
ict, we always choose the representation with �ner granularity.
Thereby we avoid information loss, such that all instances from an external schema
that have been transformed to the integrated schema can be transformed back (con-
tracted) to the same external schema. On this basis, asymmetric merge, in which
one of the schemas forms a normative goal to which all other schemas have to be
transformed, can be achieved by contracting the integrated schema appropriately.

The symmetric merging algorithm guides the user recursively through a set
of mutually consistent path correspondences and suggests (a) possible correspon-
dence(s) between not yet identi�ed vertices. A suggested correspondence can be
either accepted, in which case the algorithm continues suggesting further correspon-
dences, or it can be rejected, in which case the user can either discard the particular
path-correspondence(s) completely, or discard only the not-yet-investigated parts of
the path correspondence(s).

Algorithm for Symmetric Schema Merge:

Input:
Two schema graphs G1 = (V ](V1�V ); E1) and G2 = (V ](V2�V ); E2). A set C of
mutually consistent path-correspondences of the form vi:pi:vj � vi:qi:vj; vi; vj 2 V ,
where pi consists of edges from E1, and qi consists of edges from E2.

Output:
An integrated schema graph G = (V ]V 0](V1�V �V

0)](V2�V �V
0); E]E0

1]E
0
2),

V 0 � V1 [ V2,
E � E1 [E2,
E0
1 = E1 � E;E0

2 = E �E2.

Algorithm:

1. OpenVertices = V \ Vertices in C.

2. For some v 2 OpenVertices try to apply one of the tree merging rules (see
below), and suggest the result to the user..



44 Database Integration Using the Open Object-Oriented Database System VODAK Ch. 15

3. if none of the tree merging rules can be applied, try to apply one, or more, if
v takes part in more than one path-correspondence, without sharing the �rst
edge, of the single path merging rules (see below), and suggest the result to
the user.

4. if the user accepted the correspondence,
then

extend OpenVertices with the merged vertices;
delete v from OpenVertices;
extend E with the matched edges

else
reset E and OpenVertices to discard some path correspondences.

5. go to 2 as long as there are vertices in OpenVertices.

As already indicated above, we distinguish between two kinds of uni�cation
rules. (1) Tree uni�cation rules, and (2) single path uni�cation rules.

Tree Uni�cation Rules Tree uni�cation rules are applied if there exist at least two
path correspondences that share a subpath in one schema. Figure 15.24 summarizes
the tree merging rules, which can be derived from the augmentations introduced
in Section 15.3.2. For better readability, the rules as speci�ed here merge only
binary (sub)trees with each other, but they can easily be generalized to merging
n-ary trees also. Furthermore, the rules depict only single paths (possibly of zero
length), denoted by dashed edges, for the recursive merge. This restriction can be
easily overcome. The vertices in bold/italic in the merged (integrated) graph at the
right-hand side are added to OpenVertices by the merging algorithm.

Merging rules (a) and (b) take care of nesting generalizations and references
between classes in one of the graphs in such a way that they can be merged with
the other (nested) graph. Merging rule (a) is also applicable to merge role general-
izations.

Merging rule (c) merges a multivalued reference to a category generalization of
classes, which corresponds to single-valued references to a class with multivalued
references to corresponding classes.

Finally, merging rule (d) carries out the \substantiation" of categorial properties

Single Path Merging Rules As soon as there are no \true" subtrees to be merged,
the rules for merging single paths (Figure 15.25) are used to merge the remaining
correspondences.

Merging rule (a) merges single generalization hierarchies.
Merging rule (b) allows for intersecting instances of con
icting specialization

paths. In this case, the integrated schema gets a class that is the intersection of
instances of the corresponding classes.

Merging rule (c) allows for upward (downward) inheritance of properties and
references to other classes.
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Figure 1.24. Tree merging rules.

Merging rule (d) introduces multivalued references, when they are corresponding
to single valued references.

Finally, Merging Rule (e) is the only rule that involves further user interaction,
because the actual interrelationship of vertices of two associative paths cannot be
determined fully automatically.

1.3.4 Representation of Export and Integrated Schemas in VML

The speci�cation of integrated schemas consists of three parts (recall Figure 15.1):

1. To overcome model heterogeneities, export schemas are generated.

2. To overcome structural heterogeneities between corresponding subschemas by
augmentation, virtual classes are speci�ed to form import schemas.
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Figure 1.25. Single path merging rules.

3. After this homogenization, corresponding classes are combined by generaliza-
tion and corresponding properties are combined by user-de�ned methods to
form the actual integrated schema.

On top of this integrated schema at maximum structural granularity, individu-
alized application schemas can be built by contracting the integrated schema again.
Note that these steps are optional. For example, if no augmentation is required in
one of the schemas, then its export schema can be imported and generalized without
any modi�cation.
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Generation of Export Schemas

Model heterogeneity is overcome by means of metaclasses, which implement
interfaces to the modeling constructs of the underlying databases (recall Section
15.2.2). [KFA94] describes an implementation of a metaclass system for connecting
Postgres databases. Similar techniques can be used to implement an interface to the
Sybase databases. The following two schema speci�cations de�ne import schemas
on top of a Postgres database and a Sybase database.

Schema A Export Schema for Postgres database
Schema A IMPORT ExternalDatabaseConnectionPrimitives

//...definitions not relevant here

CLASS Person METACLASS PG Metaclass

INSTTYPE OBJECTTYPE
INTERFACE
METHODS
SSN():INTEGER;

city(): STRING;

street(): STRING:

IMPLEMENTATION
METHODS
SSN():INTEGER: fRETURN SELF->getvalue('ssn')g;
city(): STRING; fRETURN SELF->getValue('city');g;
street(): STRING;fRETURN SELF->getValue('street');g;

END
INIT Person->init('Person')

// attach to relation Person in the Postgres database

END

Schema B Export Schema for Sybase database
Schema B IMPORT ExternalDatabaseConnectionPrimitives

//...definitions not relevant here

CLASS Person METACLASS Sybase Metaclass

INSTTYPE OBJECTTYPE
INTERFACE
PROPERTIES addr(): Address;

METHODS
address(): Address;

SSN(): INTEGER;

IMPLEMENTATION
METHODS

address(): Address; fRETURN SELF->getValue('addr');g;
SSN(): INTEGER;fRETURN SELF->getValue('ssn');g;

END
INIT Person->init('Person')
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// attach to relation Person in the Sybase database

END

CLASS Address METACLASS Sybase Metaclass

INSTTYPE OBJECTTYPE
INTERFACE
PROPERTIES of(): Person;

METHODS
city(): STRING;

street(): STRING;

IMPLEMENTATION
METHODS

address(): Address; fRETURN SELF->getValue('addr');g;
SSN(): INTEGER;fRETURN SELF->getValue('ssn');g;

END
INIT Person->init('Addresses')

// attach to relation Addresses in the Sybase database

END
END SCHEMA

Overcoming Heterogeneities by Introducing Virtual Classes

The export schemas depict a structural heterogeneity in their modeling of ad-
dress. In Schema A city and street are associated directly to Person, whereas in
Schema B Person refers to a class Address to which city and street are attached.

Based on the vertex correspondences,

� A:Person � B:Person;A:city � B:city; A:street � B:street

and the path correspondences,

� A:(Person:city) � B:(Person:addr:Address:city)

� A:(Person:street) � B:(Person:addr:Address:street)

the resolution of inconsistencies proceeds as follows:
Using tree merging rule (b) as speci�ed in Figure 15.24, the class A.Person is

split into two virtual classes Person and Address to achieve a representation that is
homogeneous to the �ner-grained representation in Schema B.

Schema A' Import Schema for Schema A
SCHEMA A IMPORT:

REFER SCHEMA A;

IMPORT DatabaseIntegrationPrimitives;
// provides VirtualClass metaclass

// ... definitions not relevant here
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CLASS Address METACLASS VirtualClass

INSTTYPE OBJECTTYPE
INTERFACE
METHODS
of(): Person;

city(): STRING;

street() : STRING:

IMPLEMENTATION
METHODS
of(): Person; fRETURN SELF->virtualOf()g;
city(): STRING;

fRETURN SELF->virtualOf()->city();g;
street(): STRING;

fRETURN SELF->virtualOf()->street();g;
END
INIT virtualClassOf(A::Person);

END

CLASS Person METACLASS VirtualClass

INSTTYPE OBJECTTYPE
INTERFACE
METHODS
address(): Address;

SSN():INTEGER;

IMPLEMENTATION
METHODS
address(): Address;

fRETURN SELF->in(Address);g;
SSN():INTEGER;

fRETURN SELF->virtualOf()->SSN();g
END
INIT virtualClassOf(A::Person);

END
END SCHEMA

Schema B' Import Schema for Schema B
SCHEMA B IMPORT:

IMPORT B

// no further definitions needed; because no augmentation required

END SCHEMA

Both virtual classes Address and Person are realized as instances of the metaclass
VirtualClass. In addition to the standard instance-behavior, this metaclass provides
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a method virtualOf, which returns the object from which a virtual object has been
created. This method uses a reference that has been generated by the initialization
method setvirtualOf provided as well by the metaclass VirtualClass. The navigation
to original objects thus allows for implementing the desired behavior of virtual
classes.

Generation of Integrated Schemas

In the last step, the integrated schema is generated by generalization. For this
purpose, the declared correspondences between classes must be di�erentiated to
choose the appropriate metaclass, role generalization for overlapping instances, and
category generalization for disjoint instances. For overlapping instances, correspon-
dence predicates have to be speci�ed. Furthermore, for the correspondences between
properties, appropriate methods have to be generated, which treat data-con
icts for
overlapping instances.

There are several strategies for overcoming data-con
icts: (a) prefer data from
one database, (b) aggregate con
icting data, (c) ask the user to resolve the data-
con
icts intellectually at query time. Appropriate method code for options (a) and
(c) can be easily generated from user declarations by using code generation patterns.
For option (b), the user has to provide the code for the desired aggregation method
intellectually, because all the di�erent possible cases cannot be anticipated with
reasonable e�ort by a declarative methodology.

In our example, we have identi�ed persons via their social security number, and
addresses via the person they are attached to. Furthermore we have chosen strategy
(a) for resolving data con
icts, preferring data from Database B, if available.

Schema A and B Integrated schema(view) of Databases A and B

SCHEMA A and B integrated

REFER SCHEMA A IMPORT, B;

IMPORT DatabaseIntegrationPrimitives;

// provides RoleGeneralization metaclass

// ... definitions not relevant here

CLASS Person METACLASS RoleGeneralization

INSTTYPE OBJECTTYPE
INTERFACE
METHODS

SSN():INTEGER

address(): Address;

IMPLEMENTATION
METHODS

SSN():INTEGER;

fVAR localobj: OID;

localobj:= SELF->in(B IMPORT::Person);
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IF localobj != NULL THEN RETURN localobj->SSN()

ELSE RETURN SELF->in(A IMPORT::Person)->SSN();g
address(): Address;

fVAR localobj: OID;

localobj:= SELF->in(B IMPORT::Person);

IF localobj != NULL THEN RETURN localobj->address()

ELSE RETURN SELF->in(A IMPORT::Person)->address();g
END

INIT roleGeneralizationOf(A IMPORT::Person,

B IMPORT::Person,"SSN","SSN");

END

CLASS Address METACLASS RoleGeneralization

INSTTYPE OBJECTTYPE
INTERFACE
METHODS
of(): Person;

city(): STRING;

street(): STRING:

IMPLEMENTATION
METHODS
of(): Person;

fVAR localobj: OID;

localobj := SELF->in(B IMPORT::Address);

IF localobj != NULL THEN RETURN localobj->of();

ELSE RETURN SELF->in(A IMPORT::Address)->of();g;
city(): STRING;

fVAR localobj: OID;

localobj := SELF->in(B IMPORT::Address);

IF localobj != NULL THEN RETURN localobj->city();

ELSE RETURN SELF->in(A IMPORT::Address)->city();g;
street(): STRING;

fVAR localobj: OID;

localobj := SELF->in(B IMPORT::Address);

IF localobj != NULL THEN RETURN localobj->street();

ELSE RETURN SELF->in(A IMPORT::Address)->street();g;
END

INIT roleGeneralizationOf(A IMPORT::Address,

B IMPORT::Address,"of", "of");

END
END SCHEMA
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1.4 Conclusion

In this paper we presented our approach on interoperability or integration of infor-
mation bases. The Schema Integrator Workbench is a tool that supports a designer
in the construction of integrated application schemas (individualized views onto ex-
isting heterogeneous databases). Such integrated application schemas are used by
an interoperable object-oriented database system based on VODAK, which o�ers
the run-time support for global access to existing heterogeneous database systems,
for example, global transaction management.

The schema integration methodology implemented in the schema integrator
workbench includes several integration steps: A syntactic transformation step pro-
vides for a syntactically uniform VODAK interface to the external information
bases, describing their database schemas (including constraints), retrieval and ma-
nipulation capabilities, and their �le formats.

A semantic integration step is needed to combine the several VODAK schemas.
Structural and semantic di�erences in representation and con
icts in naming and
scaling have to be resolved, correspondences between objects have to be identi�ed,
and appropriate user views have to be determined in order to specify an (or several)
integrated view(s). This obviously includes semantic enrichment which makes im-
plicit structure and semantics explicit and associates additional behavior, which is
hidden in local application programs or, even worse, in informal local conventions.
We discussed a declarative methodology that allows users to declare correspon-
dences between schema constituents (e.g., classes, types, attributes) that contain
overlapping data according to their world view. The declared correspondences are
checked for consistency, and from consistent correspondences an integrated VODAK
subschema is generated, together with mappings from the heterogeneous local cor-
responding subschemas. The novel feature of our methodology is that it is based on
a 
exible notion of schema uni�cation, which allows for augmenting the structural
granularity of corresponding subschemas in order to overcome their heterogeneity.

We want to extend our notion of schema uni�cation via augmentation to partially
assist also the integration of methods. The general problem of method integration
is, of course, undecidable. However, we believe that special kinds of methods, like
path methods that navigate along a schema path to retrieve or modify distant in-
formation [MGPF92a] can be broken down to their underlying schema constituents.
Thus, their integration can be assisted by extending the structural un�cation pre-
sented in this paper. In addition, combining forms (program patterns), which do not
touch the implementation of a method but just invoke one or more original meth-
ods, within the context of an integrated schema, can be used to integrate methods
consistently with the integration of their signature (interface).

Furthermore, we want to improve our methododolgy in such a way that we can
also cope with local schema evolution. For this purpose, we need to extend the
concepts for testing the consistency of path correspondences in such a way that a
partially integrated schema is taken into account and to include trigger mechanisms
that identify those path correspondences that are invalidated by a local schema
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evolution.
The concepts and prototypes developed for the schema integrator workbench, as

well as the global transaction management to be o�ered by a database management
system providing access to heterogeneous existing databases, are in the process
of being transferred into the industrial cooperation project IRO-DB within the
framework of ESPRIT-III.
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