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Abstract

Views are an established technique for restructuring and repartitioning the format of data, classes,
and schemata so that applications can customize shared data objects without affecting other applications’
perceptions of the data. The MultiView system is one of the first OODB systems to support dynamic and
updatable materialized object-oriented database views. Multi View is fully functional and is being used
for a number of projects. In this paper, we describe our system’s architecture, the services it provides,
and the decisions we made during our implementation. Although the GemStone system we chose for our
implementation base offers many features that greatly aided our implementation, it does not support
several key object-model properties that are critical for the realization of our design principles. These
fundamental properties include multiple classification, dynamic object-restructuring, and the ability to
make dynamic changes to the schema. In this paper, we describe a flexible and powerful technique
known as object-slicing that we adopted to construct the MultiView object model — this now successfully
addresses our requirements. The MultiView system is distinguished by a number of unique features,
including the incorporation of virtual classes into the global schema as first-class database citizens,
support for capacity-augmenting views (virtual classes that add new extrinsic properties or behavior),
view materialization strategies that take advantage of object-oriented modeling features, and a graphical
interface that is tailored to provide easy access to the MultiView system. The resulting system preserves
all of the capabilities of the underlying GemStone OODB while providing support for dynamic and
updatable materialized object-oriented views.
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1 Introduction

Motivation and Background. Views provide logical data independence, and offer a means by which
data can be repartitioned and restructured in format. Applications can use views to customize shared data
objects, even adding new extrinsic properties and behavior, without affecting other applications’ perceptions
of the data. Views have been established as an effective method for virtually restructuring data, classes,
and schemata so as to meet the needs of specific applications or users; for integrating heterogeneous and
distributed systems; for security and access rights restriction; and for achieving interoperability by hiding the
idiosyncrasies of component systems to be integrated into one unified, yet federated system [1, 4, 5, 6, 17].
Because views allow a database object to behave differently depending on the context in which it appears,
views are a recognized technique for extending a database system with support for subjectivity.

Many research areas can profit from the flexibility provided by object-oriented views. In addition
to the traditional use of views for facilitating the sharing of data by applications, current researchers are
examining new areas that can specifically benefit from object-oriented views. Barsalou et al. use object-
based views to integrate object-oriented and relational databases while preserving update capabilities [4]. Ra
and Rundensteiner utilize views to provide transparent schema evolution, preserving existing views through
schema change [30]. Because the object-oriented paradigm offers a more powerful model for integration than
the relational one, several papers discuss the integration of heterogeneous data repositories via object-oriented
views [5, 4, 17].

While a number of researchers have begun to study view mechanisms with regard to object-oriented
databases (OODBs) [1, 15, 22, 36, 31, 33], little work has been done regarding implementation issues related
to object-oriented views. To the best of our knowledge, commercial OODB systems do not yet support
view capabilities. Furthermore, of the few research papers that discuss implementations of OODB view
systems, most support only limited functionality at this time. There are several outstanding issues that
must be addressed for the successful implementation of an object-oriented view system. First, creating
views in an object-oriented model is not a simple transfer of the relational view solution to the object-
oriented model. Much of the functionality typically provided by relational databases must be re-evaluated
in the context of this new technology—for example, how to overcome the view update problem of the
relational view mechanism, and how to utilize the complexity of the object-oriented data model for view
definition (such as behavioral customization, view hierarchy manipulation, and property inheritance among
view classes). Second, and more critically, to the best of our knowledge, no existing commercial OODB
system supports all of the properties we identify as critical for the realization of fully-functional object-
oriented views. These properties are quite fundamental, including features such as multiple classification,
dynamic object-restructuring, and dynamic changes to the schema. This implies that either the data models
of existing OODB systems must be extended, or other solutions must be found to address this problem.

The Mult:View Approach. Here at the University of Michigan, we have an NSF-funded project devel-
oping MultiView, a view management system capable of supporting updatable materialized object-oriented
views [31]. In the context of the MuliiView project, we provide solutions to the issues outlined above. In
order to facilitate the implementation of our system, we chose to use the commercial GemStone OODB as our
base 1. However, although GemStone offers many features that greatly aided our implementation, neither it
nor any other existing commercial OODB system supports several of the key object-model properties that
are necessary for the realization of our design principles. We therefore developed an object-slicing represen-
tational model, a flexible and powerful technique, that addresses these deficiencies. Using the object-slicing
representational model, we were able to construct the MultiView object model, which provides all the fea-
tures required for our view system, on top of GemStone. We ran an experimental evaluation of our system to
determine the overhead that can be attributed to our choice of an object-slicing representation paradigm (in
terms of both storage costs and performance). Our experiments confirm that the overhead is mixed, ranging
from performance gains of 50% to increases in execution time of 200%, depending on the characteristics of
the specific access patterns.

Our MultiView system is currently fully functional, provides clean object-oriented characteristics, sup-
ports dynamic updatable materialized views, and is being used for a number of projects. To the best of our
knowledge, MultiView is one of the first (and perhaps the only) implemented OODB view system to support
incrementally materialized views. Another unique feature of MultiView is that (again, to the best of our
knowledge) MultiView is the only implemented OODB view system that treats virtual classes as first-class
database citizens. We integrate both base and virtual classes into a unified global schema. Virtual classes

1GemStone is a registered trademark of Servio Corporation
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in MultiView participate in the actual inheritance hierarchy and thus behave just like base classes. Further-
more, virtual classes in MultiView can independently define additional attributes and methods, i.e., they are
capacity-augmenting views.

In previous papers we have described individual components of MultiView. [31] introduced the founding
principles of the Multi View view specification methodology as a three-step process. [32] discusses Mult: View’s
strategy for the generation of view schemata, and [33] presents the classification algorithm by which new
virtual classes are integrated into the global schema. In [24], we introduce some initial algorithms for
incremental propagation of updates for maintaining materialized views in Mul{iView. In this paper we
now present a unified overview of the Mult:View project, focusing primarily on issues related to its system
implementation. In particular, we outline the motivation and execution of our design decisions, system
architecture, and the MultiView system’s capabilities. The implementation solutions we describe are portable
to other object-oriented systems.

System Overview. We exploit the unique features of the object-oriented paradigm in the design and
implementation of the Mult:View system. As shown in Figure 1, the Mult:View system consists of a nested-
layer architecture.
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Figure 1: The Nested Layer Architecture of the Mult:View System Design.

e The innermost layer of the figure represents the underlying GemStone database system kernel. Gem-
Stone provides many of the basic functionalities for our system, including persistence, database pro-
gramming language support, and transaction management.

e The second layer illustrates how we overlay an object-slicing representation on top of the GemStone
architecture in order to implement the fundamental object model needed for view support. We iden-
tified features that must provided by an object model for the flexible support of object-oriented views
according to pure object-oriented principles. Like all the other OODB systems we surveyed, the Gem-
Stone OODB underlying our system does not support all of the properties required by our model.
We hence designed the object-slicing representational layer, which resolves the significant differences
between the underlying system and our object model. Object-slicing allows us to provide all of our
required object model properties, including multiple classification, multiple inheritance, the dynamic
restructuring of objects and classes, and dynamic changes to the class hierarchy.

e The third layer of the architecture represents MultiView’s support for materialized views and virtual
schemata. Our implementation provides a Smalltalk interface that supports the creation of virtual
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classes and the automatic integration of the base and virtual classes into a consistent and correct
global schema, the creation and customization of view schemata, the entry and update of data, and
the retrieval of data via user queries.

o Finally, Mult:View’s graphic user interface provides access to the system in an intuitive and user-friendly
fashion. The MultiView graphic user interface displays global and view schemata in visually intuitive
graphic windows, facilitates the creation of new virtual classes and view schemata, and provides an
interface for querying class extents and data entry. The current version of the Mult:View Viewer, or
short, the MultiViewer, is written in Tk/Tcl using C.

As represented by the anthropomorphic stick-figure below the diagram of system components, users
can access the MultiView system either through the graphic user interface or through Mult:View’s Smalltalk
interface. The Mult:View system as described in this paper is fully functional. We have used Mult:View to
implement the University of Wisconsin’s OO7 benchmark suite schema, populated the database with OO7’s
10,000 object parts-assembly example, and have tested MultiView using both OO7 benchmark queries and
queries of our own design. A summary of our performance evaluation, as well as of usage of the Mult:View
prototype in other projects, will be presented in later sections of this paper.

Outline of this Paper. In the remainder of this paper, we describe the object model, techniques, and
algorithms underlying our implementation of MultiView. Our work should be of interest to researchers
studying view systems. In addition, because many aspects of our experience, for example our use of an
object-slicing technique, can be applied to the general support of object model features such as multiple
classification and type-specific behavior, other implementors seeking to support subjectivity will also benefit
from this work. We begin by discussing related work. The goals and object model of the Mult:View project
are set forth in Section 3. We present our approach of realizing object model features required for the
support of our goals in Section 4, then discuss each of the components of our implementation in Sections 5
through 7. Finally, we conclude in Section 8 with a summary of the implementation status of Mult:View,
and a discussion of our contributions and future work.

2 Related Work

Relational Versus Object-Oriented Views. View mechanisms have been extensively studied for the
relational model by [7, 13, 2, 16]. Although we can benefit from this work, there are some significant
differences between relational and object-oriented views.

e Tables in relational databases (RDBs) are arranged in a “flat” fashion in the schema. There is no
information about the subset or subtype relationships contained between tables in the schema. Both
virtual and base classes in the MultiView model are arranged in an integrated generalization hierarchy.
Information about the relations between the types and extents of OODB classes can thus be easily
recognized by database users. Furthermore, update propagation techniques can be designed to exploit
the object membership information that is implicit in the hierarchical structure in order to terminate
propagation as soon as appropriate.

e Views in RDBs refer to virtual tables that are formed by applying query operations to base tables.
Because an OODB schema is organized into a generalization hierarchy, OODB views include both
virtual classes (formed by applying query operations to base classes) and virtual schema (formed by
applying query operations to a base or view schema).

e Attributes in RDBs are identified only as the names of columns in tables. If two relational tables
each have an attribute with the same name, there is no guarantee that the two attributes refer to the
same property. Each property in the MultiView model is defined at a single class and using property
inheritance shared by other classes. Database users can thus unambiguously identify whether or not
two properties represent the same instance variable or method. In addition, when a predicate term in a
virtual class’s query invokes a given property, we can identify exactly which class defines that property,
enabling us to localize the effects of updates.

o Attributes in RDBs are associated with simple values. Although the simple value can be a foreign

key referring to a row in another table, RDB attributes cannot contain sets or other complex data
structures. Instance variables in OODBs, on the other hand, can contain references to actual objects
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or sets of objects. OODBs thus contain aggregation relationships that can be used in view formation
queries.

e The values of relational attributes are updated using generic queries, and thus update procedures must
be implemented for the general case. On the other hand, because OODBs support encapsulation,
updates to attributes are localized to specific accessing methods that are themselves defined at a single
identifiable class. We can embed our update propagation methods into the accessing methods for the
properties referenced by the predicates of materialized virtual classes. The accessing methods then
serve as update triggers.

e Data in RDBs exists as values in tables. Thus when virtual tables in RDBs are materialized, the
materialized tables typically contain copies of data values from the base tables 2. On the other hand,
data in OODBs exists as objects that can be uniquely identified and then accessed using unique object
identifiers (oids). Thus when virtual classes in OODBs are materialized, the materialized classes can
contain references to the relevant objects rather than value duplicates (copies) of the original objects.
This not only saves space, but also significantly simplifies the view update problem. Furthermore,
regardless of which properties are “hidden” by a “project” query, objects belonging to a virtual class
can be easily associated with their base incarnations. In fact, this provides us with a basis for the
arbitrary restructuring of an object’s look and feel without compromising its identity.

Object-Oriented View Approaches. In recent years, several proposals for object-oriented view systems
have appeared in the literature [1, 6, 15, 26, 36, 39]. MultiView differs from other view systems in that it
does not simply adopt assumptions made by current OODB architectures; instead we re-examine key features
required as foundation for views. For example, we overcome the stringent constraint that each object belongs
to one and only one most-specific type—which is an unreasonable assumption for view systems. Rather than
handle an object as being of a single fixed type, a MultiView object is distributed among multiple object-
slicing implementation objects. The Iris functional database system resembles our system in that, being
built on top of a relational engine, it distributes data over several relational tables [11]. Iris does not support
view mechanisms, and does not address issues of classification, inheritance for virtual classes, etc.

Most previous work regarding view systems for OODBs focuses on view formation to the exclusion of
view incorporation. Note that our approach of providing for the integration of virtual classes into a single
unified global schema is distinct from others found in the literature. Existing approaches either: (1) require
the user to specify explicitly the relationship between a virtual class and existing base classes [18, 41]; or
(2) relate a virtual class only with its direct source class via a subclass/superclass relationship [36]; or (3)
simply relate a virtual class with its source class via a derived-from relationship [6], (4) or with the root of
the schema [15, 19].

The first approach is vulnerable to potential consistency problems, since the users might introduce
an inconsistency in the schema graph by inserting is-a arcs between two classes not related by a subclass
relationship. A solution of verifying the correctness of the relationship in essence would have to provide
a capability similar to the automatic classification approach advocated in our system, namely, a means of
automatically computing the subsumes relationships between pairs of classes. The second approach is prone
to misrepresenting the subclass relationships normally represented in a class hierarchy, in particular, because
a derived class may not be 2s-a related to its immediate source class. It would at best result in a partial, hence
less informative, classification of class extents. The third approach ignores the issue of determining subclass
relationships by introducing a parallel derived-from relationship hierarchy, which is not very informative in
terms of relating different classes and their type descriptions. Note that in all other approaches given above,
one would of course also maintain this derived-from relationship by keeping the class derivation query (which
will be used to recompute the population of the virtual class, whenever needed). Finally, the last approach
completely ignores the issue of classification, thus resulting in a flat class structure.

02 Views [26] [35], based on Abiteboul and Bonner [1], is the first and only commercial implementation
of an object-oriented view management system, currently realized. The O2 Views approach does include
the integration of view classes into a view schema, but rather than supporting a global class hierarchy and
migrating properties, it instead daisy-chains views and “bases.”

Scholl et al. [36, 37] have developed an object-preserving algebra to define virtual classes and thus
achieve updatable views. Their system, named Cocoon, has been implemented on top of a nested relational

?Note that some materialized RDB views may be implemented using techniques such as view indices that resemble mem-
bership materialization.
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model. The MuliiView object-algebra is similar in flavor to Cocoon’s. However, Cocoon does not support
the classification of view classes into a global schema, the automatic generation of complete view schemata,
the implementation of capacity-augmenting views, nor the incremental support of materialized views.

Others define view schemata through the manipulation of the object schema graph rather than solely
by query languages. Tanaka et al. [41] propose that view schemata be defined by manually manipulating the
edges in the global schema graph. Kim also uses DAG rearrangement for view schema definition [18]. Such
DAG manipulation approaches must deal with the issues of (1) possibly introducing inconsistencies into the
view schema due to human error and of (2) unintentionally modifying the semantics of a virtual class due
to side effects of graph manipulation.

View Materialization Research. Relational and object-oriented systems share a common motivation
for view materialization: the goal of improving query performance. Although not much work has been done
regarding OODB view materialization, object-oriented and relational systems both must address a number
of common issues when designing a view materialization system, such as when to evaluate updates and
how much to update. Our research on view materialization in OODBs borrows several techniques from
the relational arena. [7, 8] tests modified tuples to see if they fulfill view predicates, thereby detecting
irrelevant and autonomously computable updates. This resembles our solution of filtering irrelevant updates
by exploiting the generalization hierarchy and the derivation structure. The system provided by [10] performs
incremental view maintenance using production rules that are triggered by update operations. Similarly, we
override generic-update operations with type-specific update operators for virtual classes.

However, there are significant differences between view materialization in OODBs and relational systems.
In relational systems a view is a virtual table, so a materialized view consists of stored values/rows. In
OODBs, a view is a schema containing both base and virtual classes, so an object-oriented materialized view
consists of a schema in which some of the “virtual” classes contain actual stored objects. Our OODB view
approach supports membership materialization, meaning that we store references to the objects rather than
copies of them, while the relational model typically duplicates data on view materialization. Object-identity
eliminates the duplicate row problem of relational views in the context of our object-preserving model.
Finally, OODB support for encapsulation and object-identifiers significantly eases the implementation of
triggered incremental updates and the update of path query views.

As described in this paper, our approach incorporates several aspects (such as encapsulation and inheri-
tance) unique to object-oriented view technology. For instance, because there is a unique point of inheritance
for each property in the database, any modification to the value of an instance variable will take place at a
pre-determined class’s implementation object independent of through which base or virtual class the update
request was specified. Also, because an instance variable’s update method is always stored at the same
location as the instance variable itself, it is a simple matter to determine which selection class should register
where. Thus, when an object is updated, the update method triggers a notification function that informs all
virtual classes that have registered with the class of the update to the object.

Only a few published papers address issues of view materialization in OODBs. [14] provide a view
materialization model in which updates are propagated by use of change files, representing histories of design
sessions. However, [14] duplicate objects (including identifiers) for virtual classes rather than merely storing
references to objects. [20] address maintaining consistency for a particular type of join class formed along an
existing path in the aggregation graph. Our work instead focuses on the exploitation of the structure of the
schema hierarchy and derivation dependency graph in order to reduce update propagation. Our research is
also unique in studying incremental updates in the context of the object-slicing paradigm.

Role Modeling Systems. MultiView uses an object-slicing mechanism to address the object model re-
quirements underlying the support of object-oriented views. These requirements include multiple classifica-
tion and dynamic object migration. The flexibility offered by the object-slicing approach naturally lends itself
to implementing role systems: object-slicing’s implementation objects can easily be adapted to represent the
various roles of objects in a role system [12]. Although the object-slicing techniques underlying the current
implementation of MultiView can be compared to mechanisms used in role modeling approaches [12, 27], no
other research in the literature discusses the application of the object-slicing paradigm regarding the sup-
port of object-oriented views. In role modeling systems, objects dynamically gain and lose multiple interfaces
(a.k.a. roles) throughout their lifetimes. These roles can be compared to the implementation objects of an
object-slicing implementation, in that both permit objects to belong to multiple classes and change types
dynamically. In some sense, accessing an object through one of its implementation objects is like accessing an
object while it is playing one of its roles. However, role systems and views systems have different goals. Role
systems strive to increase the flexibility of objects by enabling them to dynamically change types and class

Related Work 5



membership at the level of individual object-instances. Such changes are done explicitly by user request,
and on an object-by-object basis. View systems, on the other hand, enable users to restructure the types
and class membership of complete classes—based on content-based queries.

n [38], Sciore proposed an object specialization approach, in which a real world entity is modeled by
multiple objects arranged in an object hierarchy. These object hierarchy objects inherit from each other,
enabling each individual entity object to decide its own inheritance hierarchy. Although our implementation
objects resemble object hierarchy objects in that they inherit from each other, objects in our implementation
always conform to the existing global class hierarchy. This single-point-of-inheritance allows us to optimize
view update propagation.

Unlike many role systems, which allow object hierarchies to exist independently from class hierar-
chies [38], objects in our model always conform to the existing global class hierarchy. In short, if an object
possesses an implementation object of a given class’s type, it must also possess an implementation object
for every class that is a superclass of that given type. This achieves an efficient and uniform inheritance
scheme. Also, unlike many role systems, in our implementation conceptual objects can be associated with
at most one implementation object of a given type [12]. Role systems do not deal with the issues of virtual
class derivation, classification, nor with method promotion.

The role system proposed by Gottlob et al. was implemented using techniques similar to object-
slicing [12]. This system, like ours, is implemented in Smalltalk by overriding the doesNotUnderstand:
method. The difference between [12] and our implementation is that [12] is a role system while we are
developing a view system. Also, the [12] system does not permit the derivation of new virtual classes, and
thus does not address issues related to view management.

Deputy Mechanisms. The Depuiy Mechanisms proposed by Peng and Kambayashi unify the concepts
of object views, roles, and migration in the form of deputy objects and deputy classes [28]. In the deputy
mechanism paradigm, view objects are treated as roles of database objects. The deputy mechanism object
model is probably the work most closely related to MultiView’s. In particular, the similarities of the two
systems include the following: Both support capacity-augmenting views, dynamic classification, and multiple
classification. Neither duplicate the state of an object when representing it as a virtual object. And finally,
both support update propagation to materialized virtual/deputy classes.

There are some significant differences between the two systems, however. MultiView treats virtual classes
as first-class database citizens, and thus integrates virtual and base classes into a unified global schema,
whereas Deputy classes are not integrated into the global schema. Virtual classes in MultiView participate
in the actual inheritance hierarchy and thus behave just like base classes. Mult:View supports the automatic
generation of view schemata composed of selected base and virtual classes, while the Deputy system does
not support view schemata. Although both the Deputy and MultiView systems are based on Smalltalk,
MultiView supports multiple inheritance. Deputy objects and source objects have independent object-
identifiers, whereas a view object and a source object in Mult:View share a conceptual object-identifier in
addition to individual implementation object-identifiers. Finally, MultiView supports optimized incremental
materialized view maintenance algorithms that exploit the integrated class hierarchy structure.

3 Object Model of Mult:View

3.1 Goals of the MultiView Project
The purpose of the Multi View project is to build, implement, and evaluate a system for OODB view support.
The goals of the project include the following:

e Users should be able to create customized virtual classes at any time.

e Users should be able to query and update both base and virtual classes.

e Users should be able to create and modify customized virtual schemata at any time.

e Virtual classes and schemata should be first-class citizens of the database.

By first-class database citizen, we mean that virtual classes and schemata should look and feel like base
classes and schemata. Virtual and base classes should be fully integrated into a global class hierarchy in terms
of both type and extent®. This implies that virtual classes should fully participate in the inheritance scheme

3 Although we combine type and extent for the sake of consistency between virtual and base classes, our model can easily be
extended to support models that separate type and extent.
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in such a way that virtual classes can act as a point of inheritance for properties, and also that the extents
of both virtual and base classes should be kept consistent with the class hierarchy. In addition, Mult: View
supports capacity-augmenting virtual classes. First introduced by [6], a capacity-augmenting virtual class
is a virtual class that includes instance variables that are not derived from the source classes of the virtual
class. Finally, the user should be able to select both base and virtual classes from the global schema at any
time and add them to view schemata. The MultiView system should automatically integrate these selected
classes into a consistent and correct view schemata.

In the following subsections, we give a description of an object model that fulfills the Mult: View project
goals. We first formalize our basic concepts and principles, then extend this initial description to include
virtual classes and schemata and materialized views.

3.2 Basic Concepts and Principles

An object instance (or short, object) represents an entity. Anything with distinct existence in objective or
conceptual reality can be represented as an object. Let O be an infinite set of object instances. Each object
O; € O consists of state (the instance variables or attributes of the object) and behavior (the methods,
or messages, to which the object can respond). Because our model is object-oriented and assumes full
encapsulation, any modification to an instance variable of an object in our system must be accomplished by
means of an accessing method. An accessing method is a method that modifies or retrieves an instance
variable. Together, the methods and instance variables of an object are referred to as its properties.
In addition, each object has a unique system-generated value-independent object identifier, which makes
it possible to distinguish between equality and identity, to share sub-objects among complex objects, and to
perform updates on common sub-objects.

Objects are grouped into sets of similar objects that share a common structure and behavior. The term
class denotes this specification of a common structure and behavior. Let C' be the set of all classes in a
database. A class, C; € C, has a unique class name, a type, and a set membership (known as the class’s
extent), as defined below *. We use the term type to indicate the set of applicable property functions
shared by all object-instances of the class. The set of property functions defined for class C; is denoted as
properties(C;).

Definition 1 (type) A type is a tuple, <Instance Variables, Methods>, where Instance Variables is the
set of atiributes (instance variables) possessed by the type and Methods is the set of methods defined by the
type. We refer to the the type associated with a class, C; € C by type(C;).

Figure 3 shows the class that MultiView would generate based on the class definition given in Figure 2,
creating a new class named Person that has instance variables (and accompanying accessing methods) to
store a Person’s birthyear and name. As shown in Figure 3, the Person class’s type contains the instance
variables birthyear and name, retrieval methods birthyear and name, and assignment methods birthyear:
and name:.

Definition 2 (subtype, supertype) For two classes C; and C; € C, C; is called a subtype of C;, denoted
by C; X Cj if and only if (properties(C;) O properties(C;)). C; is called a supertype of C; if and only
if Cs is a subtype of Cj. All properties defined for a supertype are inherited by its subtypes.

Definition 3 (extent) The extent (also called set-membership) of a class C; € C is the collection of
object instances that belong to that class. The membership of an object instance, o, in the extent of a class,
C;, is denoted by o € C;. We refer to the set of objects that are implemented as direct instances of C;
(objects whose most specific type is C;) as LocalEztent(C;), or short, extent(C;). We call the collection
of all objects thatl possess a class’s type the GlobalEztent(C;).

For example, we can create a new instance of the Person class and assign values to its birthyear and
name instance variables (Figure 4). This instance is automatically added to the extent of the Person class,
as shown in Figure 5.

Definition 4 (subset, superset) For two classes C; and C; € C, C; is called a subset of C;, denoted by
C; C Cy, if and only if (Yo € O)((0 € C;) = (0 € C})). Thus GlobalExtent(C;) = | LocalExtent(C;)
VC; C Ci. C is called a superset of C;, denoted by C; D Cj, iof and only of C; C Cj.

4We associate both type and extent with our concept of class. Although there is no general agreement on whether or
not classes in OODBs should incorporate their own extents rather than requiring users to maintain their own collections of
class-instances, several systems follow this philosophy, including Orion and the system proposed by H. J. Kim [18]. Furthermore,
the proposed ODMG standard [3] recently formulated by several key OODB vendors also follows this approach.
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Figure 4: Using the MultiView graphic interface to Figure 5: The Person class’s extent now contains
create a new instance of Person. the new instance.

Definition 5 (subclass, superclass) For two classes C; and C; € C, C; is called a subclass of Cj,
denoted by C; is-a Cj, if and only if (C; C C;) and (C; < C;). C; is a direct subclass of C; if ACy € C
st. k#1i1# j, C; is a subclass of Cy, and Cy, is a subclass of C;. Similarly, C; is called a superclass
of C; if and only if C; is-a Cj, and C; is a direct superclass of C; if AC, € C s.t. k#£i# j, C; s a

superclass of Cy, and Cy, is a superclass of C;.

Definition 6 (object schema) An object schema is a rooted directed acyclic graph G = (V, E), where
V is a finite set of vertices and E is a finite set of directed edges. Each element in 'V corresponds to a class
C; € C, while E corresponds to a binary relation on V XV that represents all direct is-a relationships between
all pairs of classes in V. In particular, each directed edge e € E from Cy to Cy, denoted by edge(Cq,Cs),
represents the relationship Cy is-a Cy. Two classes, C;,C; € C, share a common property if and only if
they inherit it from the same superclass. The designated root node, representing the Object class, is a class
defined to have a global extent of all database object instances and an empty type description.

Figure 7 shows the result of executing the code shown in Figure 6 in MultiView, thereby defining the
Student and Staff classes as subclasses of our original Person class. MultiView will update the schema
incorporating each new class into the global schema.

3.3 Views in OODBs

Now we extend the basic definitions given above to include the concept of virtual classes and virtual schemas.
In the relational model, a view, or virtual table, is defined to be a named, stored query. Similarly,
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Operations Instances

Search for class: |

run I

BaseC ass creat eSubcl ass: #St udent
supers: #[ Person ]
i nst Var Nares: #( #gpa ) J

constraints: #[ #[gpa, Nunber] ]

%

run

St udent conpi |l eAccessi ngMet hodsFor: #( #gpa ).
%

Person

run
Based ass createSubcl ass: #Staff
supers: #[ Person ]

i nstVar Narmes: #( #title )
constraints: #[ #[title, String] ] Staff m

%

run
: . . A
Staff conpil eAccessi nghvet hodsFor: #( #title ).

Figure 6: Code defining Student and Staff as sub- Figure 7: The new classes are automatically inte-
classes of the Person class. grated into the Global Schema.

our object-oriented model permits the application of a query operator to a source class (or classes) that
restructures the source class’s type and/or extent membership in order to form a virtual class with a type
and extent derived from its source class(es).

3.3.1 View-defining Queries

Let @ be the set of all possible queries. We constrain a query @; € @ used to define a virtual class to
correspond to a single algebra operation. Figure 8 displays the view-forming queries currently supported
by our model. If a complex query is specified by nesting algebra operators, then each intermediate algebra
operator generates a separate virtual class [31].

Definition 7 A query Q; € Q includes the following components: <QueryType,SourceClasses, Type-
Modifiers, MemberPredicates, ValuePredicates>, where QueryType € —Select, Hide, Refine, Union,
Intersect, Dif ference”; SourceClasses € C is an ordered list of the classes from which the class 1s derived
(that is, the classes to which the query is applied); TypeModifiers defines the derivation relationship be-
tween the type of the virtual class and that of the source class from which it is derived; Member Predicates
ts an ordered list of the class membership requirements that apply to instances of the virtual class, listed in
the same order as the classes in SourceClasses to which they correspond; and ValuePredicates is the set
of stmple value predicates that constrain the extent of the virtual class. We refer to the query that defines a

virtual class, VC; € VC, as query(VC;).

Currently we support the object algebra shown in Figure 8 for the derivation of virtual classes. These
queries allow us to determine the methods, instance variables, and extent of the virtual classes.

Now suppose we were to use a select query upon class Person to define a new virtual class, YoungPerson:
createSelectClass: YoungPerson query: [ :person | person birthyear > 1975]. We can derive all
aspects of the new virtual class from this query. The new class’s name will be YoungPerson, its type will
have the same properties as that of the Person class, SourceClasses( YoungPerson) will contain only the
Person class, MemberPredicates( YoungPerson) = (€ Person), and ValuePredicates( YoungPerson) will
contain only the simple predicate (birthyear > 1975). After the YoungPerson class has been created,
MultiView will then integrate the new virtual class into the class hierarchy and add the appropriate edge
(YoungPerson, Person) to the object schema’s edge set. The new object schema is shown in Figure 10.
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hide syntax <wirtual-class>) := (<source-class>) createHideClass: [<new-class-name>]
hideMethods: [<prop-functions>])
semantics | type(<wirtualclass>) := {p € P | peproperties(<source-class>) A pg<prop-functions>}
extent(<wirtualclass>) := extent(<source-class>)
class rels < source-class> < <wirtualclass>
<source-class> C <wirtualclass>
< source-class> is-a <wirtual-class>
refine syntax <wirtualclass> := (<source-class>) createRefineClass: [<new-class-name>]|
withProperties: [<prop-function-defs>]
semantics | type(<virtualclass>) := {p€P | pEproperties(<source-class>) V pE<prop-function-def>}
extent(<wirtualclass>) := extent(<source-class>)
class rels <wvirtuakclass> < <source-class>
<wvirtuakclass> C <source-class>
<wvirtuakclass> is-a <source-class>
select syntax <wirtuakclass> := (<source-class>) createSelectClass: (<new-class-name>) query: (<predicate>)
semantics | type(<virtualclass>) := type(<source-class>)
extent(<wvirtualclass>) := {0€0 | oE<source-class> A <predicate>(o)=true}
class rels <wvirtuakclass> < <source-class>
<wirtuakclass> C <source-class>
<wvirtuakclass> 1s-a <source-class>
union syntax < virtualclass> 1= (<source—c]ass] >) createUnionClassWith: (<so71,7‘(:e—c]as52>)
named: (<new-class-name>)
semantics | type(<wirtualclass>) := type(<source-class1>) M type(<source-class2>)
extent(<wirtualclass>) := {0€0 | o€<source-class1> V o€<source-class2>}
class rels <source-class1> < <wirtualclass> A <source-class2> < <wirtualclass>
<source-class1> C <wirtualclass> A <source-class2> C <wirtualclass>
<source-class1> is-a <wirtual-class> A <source-class2> is-a <wvirtualclass>
intersect syntax <wirtualclass> := (<source-class1>) createIntersectClassWith: (<source-class2>)
named: (<new-class-name>)
semantics | type(<wirtualclass>) := type(<source-class1>) U type(<source-class2>)
extent(<wvirtualclass>) := {0€0 | oE<source-classl> A o€ <source-class2>}
class rels <wvirtuaklclass> < <source-class1> A <wirtualclass> < <source-class2>
<wvirtuakclass> C <source-class1> A <wirtualclass> C <source-class2>
<wvirtuaklclass> is-a <source-class1> A <wirtualclass> is-a <source-class2>
difference | syntax <wvirtualclass> := (<source-class1>) createDifferenceClassWith: (<source-class2>)
named: (<new-class-name>)
semantics | type(<virtual-class>) := type(<source-classl>)
extent(<vim‘ua1—class>) = {0€0 | €< source-class1> A og<source-class2>}
class rels <wirtuakclass> < <source-class1>
<wirtuakclass> C <source-class1>
<wvirtuakclass> is-a <source-class1>
join syntax < nirtualkclass> 1= (<source-classl>) createJoinWith: (<source-classZ>)
named: (<new-class-name>) withMethods: (<aMethodArray>)
joinAttl: (<property>) joinAtt2: (<property>)
semantics | type(<virtual-class>) := newly-generated type
extent(<wvirtualclass>) := newly-generated extent
class rels <wvirtuaklclass> 1s-a <Root>

Figure 8: The

Object Model of MultiView
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Operations Instances

Search for class: |

|

run
Person createSel ect d ass:

Student Young Person
. #YoungPer son ©
query:

[ :ra| a birthyear > 1975 ]. i
% Kl —_ | P

Figure 9: MultiView definition of a new  Figure 10: MultiView automatically integrates the new virtual
YoungPerson virtual class. class into the schema.

3.3.2 Base Classes, Virtual Classes, and View Schemata

Let C' be the set of all classes in the database. C'is partitioned into two sets — BC' is the set of all base
classes in the database, and V' C is the set of all virtual classes in the database. Base classes are defined
during the initial schema definition. Virtual classes can be defined and added dynamically to the schema
throughout the lifetime of the database. They are defined by the application of a query operator to a source
class (or classes) that restructures the source class’s type and/or extent membership.

Just like our original class definition, each database class (whether virtual or base) C; € C has a
unique class name, a type description, and a set membership. In addition, in order to accommodate the
support of virtual classes, each class C; also maintains a set of all virtual classes VC; € VC st. C; €
SourceClasses(VC;). We use the corresponding notation VC; derived-from C; to characterize the rela-
tionship C; € SourceClasses(VC}).

Let VC' be the set of all virtual classes. Like members of the set of base classes, a virtual class
VC; € VC has a unique class name, a type description, and a set of the virtual classes derived from VC;. In
addition, because the set membership of V' C; is derived using its derivation query, V C; also includes the
query from which it is derived, denoted by query(V C;), as defined in Definition 7.

Definition 8 (Derived-from Sub-Graph) We define the Derived-from Sub-Graph of a class C; € C
to be a schema DS(C;) = (DV, DE) containing all the classes that are either directly or indirectly derived
from Cj:

1. Cj 1s the root of the DS.
2. DV CV,

3. YV; €V s.t. Vj corresponds to virtual class VC; € VC, DV; € DV if and only if VC; derived-from
C; or AV, € DV s.t. VC; derived-from V.

4. Fach edge DE; =<DV;,DV;> € DE corresponds to a direct derivation relationship between two
classes C; and C; € C with corresponding nodes DV; and DV; € DV, meaning that C; derived-from
Ci.

In Definition 6, we define an object schema as a database schema containing all of the classes in the
database. We now extend this definition to define a global schema as a database schema containing
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YoungCulture View

View Operations Instances

Search for class: |

run
YoungCul t ur eVi ew
addVC:. YoungPerson

wi t hNane: #Generati onXer

run
YoungCul t ur eVi ew
addVC. Student
wi t hNane: #St udent
%

Figure 11: Code to add classes to the Figure 12: The YoungCulture View schema contains a selected
YoungCulture virtual schema. set of classes organized into a schema by MultiView.

all of the database classes, both base and virtual, integrated into a consistent generalization hierarchy; a
base schema as a database schema containing all base classes; and a vie schema as a database schema
containing a user selected subset of the classes either base or virtual from the global schema. vie
management system must su ort a e ible classi cation mechanism in order to maintain this global class
hierarchy. For e am le, the system must be able to ma e dynamic changes to the class hierarchy, ossibly
inserting a ne class bet eent oe isting classes 1thout a ected the ty es or e tents of reviously e isting
classes in the hierarchy. e have ro osed else here | 1 algorithms and techni ues by hich the global
class hierarchy can be maintained.

irtual classes are often sim ly called “vie s,” but e inter ret an ob ect oriented vie to im ly a
com lete vie schema, hich is a user selected subgra h of the global schema.

Defi i1 (vie schema) iven a global schema GS= V,E , awv sch ma, VS, 1s defined to be
a schema V.S = VV, VE with the following p ope ties:

1. VS has a unique view identifie denoted < VS >,
2.VVCV

3. VE C transitive closure E

For e am le, e can create a ne vie schema, named YoungCultu eView, and select the YoungPe son
and Student classes to artici ate in that schema under the names ene ation e and Student. The Mul
tiView system ill automatically build the class hierarchy for the ne vie schema. Figure 12 sho s the
resulting vie schema.

ecause vie schemata have all the ro erties of the global schema, and because classes can artici ate
in vie schemata under assumed names, di erent a lications can use their o n vie s of a shared database.

333 Vie aelalal

Ty ically, the contents of a vie are not stored, but are instead derived using the stored uery de ning the
vie . The term vie ma e iai ai means that results of the wuery that de nes a vie are actually
maintained in the vie se tent, aso osed to being com uted on demand. aterialized vie s have already
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been established in the relational conte t as o ering im roved wuery times. e de ne ama e iai e
vi a c ass as a virtual class that stores either co ies of or references to data instances in its e tent rather
than com uting its e tent u on access. The e tent of a materialized virtual class must be maintained in a
consistent state ith res ect to u dates by the database system.

n the follo ingsections e describe and discuss our system design and its com onents, as illustrated by the
concentric circles of Figure 1. e begin in this section by revie ing the ro erties re uired for the su ort
of our ob ect model s features. ene trevie the ro erties rovided by the underlying em tone system.
Finally, e com are the re uired ro erties to those that are rovided.

MultiView s ob ect model includes some fundamental design rinci les. These rinci les re uire the un
derlying database system to su ort certain ro erties. Figure 1 outlines the design rinci les and the
ro erties needed to su ort them.

Required Properties
Design
Principles
Figure 1 ro erties re uired for vie su ort
c ass has a ea a e e f an ob ect wuali es for membershi in t o classes, it must

belong to the e tent of both classes, hether or not any subsum tion relationshi e ists bet een the
t o classes. ur system must therefore su ort wlti le | 1

se s sh ea e ceaevi a casses amica c s mii h e a
e e f the ne virtual class s ty e is a customization of an e isting class s ty e, then the correct
osition in the global ty e hierarchy might be bet eent o e isting classes. The underlying inheritance
im lementation must therefore be e ible enough to su ort the t el 1t of database
classes. Furthermore, if the ne virtual class is to serve as the oint of inheritance for a ne  ro erty,
that ro erty could be relocated to the ne «class. ur system must therefore su ort /A
et u tut . This dynamic class restructuring includes su ort for the ossible migration of state as
ro erties are moved from class to class.

hvi aa ase c asses sh ei e ae i ac e a ¢ sise hie ach
s detailed in 2 this integration re uires both multi le classi cation and multi le inheritance. For



e am le, if a virtual class is formed by a lying a union wuery to t o base classes, then the ne ly
formed union class should be classi ed as a su erclass of both base classes, hich should continue to be
subclasses of any other classes from hich they inherit ro erties. n addition, because ne classes 1ill
have to be integrated dynamically, the inheritance im lementation must be e ible and the underlying

system must su ort /A et u tu
1 a c asses sh e eae as s cass aa aseciile s This means that virtual
classes should artici ate in the u  ards inheritance mechanism of the schema, and that the system
should su ort i u et ttul 1 e
ec s sh ea e ai se es amica This feature re uires su  ort for the
1 etutu: e t because an ob ect could gain or lose state de ending on hich ty es

1t ossesses.

ec s sh ssess hvi a a ase es For e am le, if an ob ect uali es for

membershi in t o select classes, then it should be a member of both regardless of hether or not

any subsum tion relationshi e ists bet een the select classes. The system must therefore su ort
ultz le | ¢ # and, ase lained above, the t etutuz et.

s illustrated by the innermost circle of Figure 1, MultiView is built on to of ervio or ora
tions em tone using em tones malltal 1i e rogramming environment.
e chose to use the em tone rather than im lement Multi View from scratch because
em tone rovides a rich ob ect oriented data model ith su orting tools. es ite signi cant
di erences bet een the em tone and MultiView data models, em tone o ers ey features that
roved e tremely useful in the im lementation of MultiView. esides the ty ical database functionali
ties, such as ersistence, database rogramminglanguagesu ort, and transaction management, features

of em tone include

em tone rovides automatic, system maintained ob ect identity.
em tone treats everything in the system, including code bloc s and classes, as ob ects.

em tone o ers a number of rogramminglanguage interfaces, such as , and malltal ;| hich

facilitate the develo ment and integration of a gra hic interface.

em tone ermits access to the source code for most methods, hether system or user de ned.

ur im lementation made a number of e tensions to the em tone system that ere necessary in order to
su ortvie s. Fore am le, because em tone does not maintaine licit e tents to collect all instances of a
ty e, hich is needed for the s eci cation of select virtual classes, MultiView e tends the em tone conce t
of class to include an e tent. e add system methods to automatically add ob ects to the a ro riate
e tents u on creation, and maintain the e tents of virtual classes u on u dates.
ore signi cantly, the goals of MultiView re uire that the underlying ob ect model su ort certain
ro erties, as discussed in ection .1. any of these ro erties are not su orted by em tones data
model. The most im ortant of these ro erties are

em tone does not su ort wltz le | ¢ ¢ , hichis are uired characteristic for vie su ort
in MultiView.

em tone does not su ort wulti le 2 e it e, hich is necessary both in order to reserve our
single oint of inheritance ro erty and also the artici ation of virtual classes as rst class citizens
inan u ard inheritance mechanism.

Cl etwutu: in em tone is severely restricted for classes ith instances, hich ould revent
the mani ulation of the schema hierarchy necessary for the integration of virtual and base classes into
a single global schema.



em tone su orts ob ect restructuring only in terms of migrating ob ects from one class to another.
Furthermore, an ob ect can only belong to one class, and migration can only ta e lace bet een t o
classes that share a class history.

em tone s native inheritance schema does not su ort the inde endent restructuring of class in
heritance relationshi s that is necessary if virtual classes are to artici ate fully in the inheritance
schema.

ulti le classi cation is articularly necessary in a ca acity augmenting vie system, because an ob ect
can be an instance of multi le virtual classes as ell as its base class regardless of hether or not any
subsum tion relationshi s e ist bet een those classes . To the best of our no ledge, current
systems do not su ort multi le classi cation ith the e ce tion of 11, hich is a functional
database system that uses a relational database as a storage system, to store data from one ob ect across
many relations . ns ired by thisa roach e have develo ed an ob ect slicing techni ue to address these
advanced features in the conte t of the technology 2 . n the follo ing section, e describe our
ob ect slicing techni ue.

e used a e ible and o erful techni ue called ob ect slicing to construct the MultiView ob ect
model on to of em tone. n ob ect slicing, a real orld ob ect corres onds to a hierarchy of

% iIm eme ali ec s one for each class hose ty e the ob ect ossesses lin ed to a ¢
;"% ce a ec used to re resent the ob ect itself rather than associating one im lementation
ith each conce tual ob ect as is commonly assumed in systems 2 . Fore am le, Figure 1
de icts a schema com osed of t o base classes, C' t and u eC ¢, and t o virtual classes, e C ¢
derived from a selection uery u on the C {class and etz e Ct derived by re ning e Ct
to add a ne instance variable, . The right hand side of the gure illustrates a single instance of the

u eC' t class ith instance variables , , and . The instance
ful 1ls the membershi re uirementsof e C ¢ eight 1 Ibs ,andthusit belongstoboththe e C1
and the zet: e O tvirtual classes. ote that the state of the ob ect is maintained by the im lementa
tion ob ects of the classes de ning each ro erty. ecause the instance belongs to etz e Ct itno
carries a data value for the attribute.

Sheight
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1
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Figure 1 am le of ob ect slicing.




e formalize the ob ect slicing aradigm as follo s. et be a user de ned database ob ect. n
the ob ect slicing model,  is re resented usingt o inds of ob ects a single conce tual ob ect, and
one im lementation ob ect for each class to hich the ob ect belongs,




.-col0r=br0wn

- 'name:Kitty
. .-breedZBurmese

e .-pedigree:P32
.- .

[P

!
v
'
'
'
: conceptual object
'

(a) An implementation object from the PedigreedCat class receives a message ‘color’.

o1

.é:olor=hrown

.n ame=Kitty

7.’br’éed:Burmese
L %edigree:%z

conceptual object

(b) Each of the implementation objects
belonging to the superclasses of
the PedigreedCat class is queried for
the method ‘color’.

o1

_culor brown

.name:Kitty

7.ﬁr>ée =Burmese
L VQ_edigree:PSZ

conceptual object

(c) The method ‘color’ is found at the Cat class.
The implementation object of O1 belonging
to the Cat class returns the value of the
‘color’ instance variable, ‘brown’.




@

code for
method

o1 - print_a

Class B \printa-"

a b code for
“|method

print_b

-print_b

Class B has attributes 'a’ and 'b’,

and methods 'print_a’ and 'print_b’.
Object Ol is an instance of Class B,
and stores the values '4’ for attribute 'a’,

(b)

code for
method
print_a

o1

_ |code for
“{method
print_b

Now a new class, NewClass, is inserted into the
hierarchy. Attribute 'a’ and method 'print_a’ are
to be promoted from Class B to NewClass.

(c)

code for
method

print_a

o1

code for

| method
print_b

NewClass is extended to include storage for

attribute 'a’ and the code for method 'print_a’.

and '3’ for attribute 'b’.

(d) code for
print_a-"|method
print_a

code for
{method
print_b

Class B
b

print_b-"

Class B is modified to remove the promoted
method 'print_a’ and the promoted instance
variable 'a’.

(e)
_~|code for
print a-  |method
P - print_a
. ’7 OlnewcClass
/,/
e code for
N ’ _..-{method
Ca=4 T Class B print_b - )
1 = -—-____~‘> b print_b
o1

Olciass B

Object O1 is split into two implementation objects -- one an object instance of
the new Class B, and the other an object instance of the New Class.

G G

Let method ‘a’ be defined
by CLASS A, and method
‘b’ be defined by CLASS B.

(@)

CLASS CLASS }p
A

G (@
Cas

(b) ©

CLASS A can be a subclass of CLASS B, or CLASS B can inherit
from CLASS A, but they cannot be subclasses of each other.
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