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Abstract

This paper addresses the crucial problem of changes and evolution in the context of database systems. We argue that
the importance of change depends primarily on its nature. The nature of change impacts one or several phases of the
database life-cycle. We propose a typology of changes based on three dimensions, namely the nature, the significance,
and the time frame. These dimensions enable us to characterize the changes and to propose a set of evolution techniques
facilitating the propagation of change in the database system. A framework for database evolution is presented. It allows
us to take into account in particular unanticipated evolutions. More generally, the framework provides a first step in
the development of a new generation of guidance tool exploiting the potential of evolution techniques such as reverse
engineering, forward engineering, schema integration, and data integration. Our aim is to provide maintenance teams
with realistic experiential database evolution environments. Finally, the implications for practice and for further research
are discussed.

1 Introduction

The speed of adaptation of information systems, and more specifically of database systems, is generally considered as
being determinant for enterprise competitiveness. Database systems enable data changes. The latter can be anticipated
and controlled by triggers in relational databases and by methods in object-oriented databases. Data structure changes are
performed by Data Base Management Systems (DBMS) commands. However, all changes are not allowed. Moreover, the
DBMS does not perform code changes. As a consequence, database systems are not evolving and sufficiently adaptable.
Database systems are built on the constraints of the past, in order to be used in the present. They generate constraints
for the future. This is the main reason for the huge budgets dedicated to database maintenance, and more generally, to
software maintenance. About 50% to 70% of companies software budgets are absorbed by the maintenance and evolution
[7] and 80% of companies times and efforts are devoted to maintenance [27]. We claim that these costs are highly due
to the lack of methodology guiding the designers in unanticipated database evolution and maintenance management. Our
objective is to propose a framework allowing the maintenance engineer to characterize the unanticipated changes and to
guide him/her by providing him/her with a list of techniques to be used in order to deal with the major types of change.

A database system is defined and constrained by its users, its owners, the other sub-systems that interact with it, and
finally by the infrastructure on which it operates. Therefore each modification brought by these components or actors
affects its internal composition. Our objective is to understand these evolutions and to propose adequate responses to
these modifications within a framework. The latter constitutes a formal basis for database systems evolution. In this paper
we address the problem of database systems evolution in order to provide some kind of flexibility leading to an effective
management of database evolution.

Database design is one of the numerous activities in the development of an information system within an organization
[2]. Our aim is to allow the maintenance engineers to take into account changing requirements at the three design steps:
requirements definition, conceptual and logical design, and physical design. We define a set of techniques that enable
schema evolution, whatever the moment when the change occurs. We also differentiate between minor and major changes
depending on their impacts on the information systems.

The remainder of this paper is organized as follows. In the second section we describe the usual phases of the database
design process. Section 3 is devoted to the description of our framework for database evolution. Section 4 presents related
works. Finally, Section 5 concludes the paper and gives some research perspectives.
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Figure 1: The database design process

2 The Database Design Process

The design of a database is a long and fastidious process. A consensus is now existing about the main three phases to be
performed : requirement analysis and specification, conceptual and logical design, and physical design (Figure 1). This
process is mainly iterative.

In the requirement analysis and specification phase, business domain experts select strategically relevant operational
database attributes and specify the purpose to use them. During this phase, the users express their view of the universe
of discourse in order to produce specifications of the application requirements which will be obtained through the future
database. More precisely, two types of requirements are specified : data requirements and operational requirements. Data
requirements impact the content of the database, and operational requirements are concerned with the utilization of the
database by users and programs.

The second phase called conceptual and logical design or data modeling phase involves formulating the data objects
resulting from the previous stage in terms of data modeling formalisms. The resulting logical schema is built on the data
and the operational requirements. It actually contains all the information needed to meet the operational requirements.
Moreover, depending on the model, it represents some business rules related to these data. If these constraints cannot be
modeled by the schema, they will be embedded in programs. In relational databases this phase is split into two steps. The
first step leads to a conceptual schema using Entity-Relationship (ER), Extended Entity-Relationship (EER) or Unified
Modeling Language (UML) formalisms. The second step maps the conceptual schema to a relational schema.

The last phase deals with implementation issues, considering object structures, and inter-object links. The logical schema
is transformed into a physical one by taking into account storage considerations and performance aspects imposed by the
DBMS under consideration.

Looking back at the first two stages, one of the most important tasks is to uniquely identify the data semantics of the target
applications and describe them using a data formalism. However the target applications are not fixed and the requirements
are not always clear enough. Some divergence of the data semantics due to different viewpoints of the business policies
may occur. Besides, it remains difficult to know if a logical schema meets completely business requirements. As a
consequence, numerous unanticipated changes occur during the design process or even later when the system already
exists.

By separating the process into these three phases, the designer is faced successively with different kinds of problems. The
requirement analysis and specification phase aims at defining and delimiting the scope of the information system. The
conceptual and logical phase is only concerned with the precise representation of the data structures and links. Finally,
only the physical phase deals with performance constraints. This splitting mechanism has been widely experimented and
was “proved” to be an efficient way to design database applications from scratch. We claim that this separation process
can be applied to change and evolution management in database systems. As a consequence, the design process has to be
inserted in an iterative cycle.

3 Unanticipated Change: A Characterization and Management Framework

As for any component of an information system, a database can be subject to unanticipated changes that can occur either
during its design or during its exploitation. More precisely the evolution management must take into account the different
dimensions of a change. We consider three main dimensions allowing us to characterize this change in order to take it
into account by using appropriate evolution techniques :

� the nature of change,

� the change time frame,
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� the significance of change.

Depending on these three dimensions, a set of techniques is recommended to handle unanticipated changes. In this section,
we first describe the different characterizations of changes. Then we briefly define the different techniques used to take
into account these changes. Finally we match the different techniques with the different types of changes.

3.1 The change dimensions

The nature of change defines the level concerned by the change. An evolution can deal with requirement specifications, or
with conceptual and logical, or physical aspects. For example, adding a new concept is a specification change in the sense
that it is due to new requirements. Of course it will have some consequences on the conceptual schema, and therefore
on the logical and physical schemas. The data structures may be affected and performance considerations may have to
be updated. However, we have to deal with this change at the specification level and to derive the different impacts on
subsequent levels. As a second example, let us consider a business rule modification that may lead the designer to define
the multiplicity a relationship should have. As a consequence, we can witness changes in the logical schema and even in
the code. Either this change is considered as a conceptual change and translated into logical concepts, or it is expressed in
terms of logical concepts and our framework will suggest to reverse engineer this change at a conceptual level. According
to the nature of change, the evolution process has to deal with reverse and/or forward engineering techniques in order
to keep equivalent descriptions of the system at the different abstraction levels. More generally, the forward engineering
approach will anticipate such changes by using a trace mechanism.

The change time frame is another dimension used to characterize possible database evolutions. We distinguish between
three main periods: the requirement analysis and specification period, the design and development period, and the main-
tenance period. Along this time frame, changes become more and more difficult to take into account due to running
constraints. During the first two periods, the changes must be integrated into the different representations of the database,
forward and backward. If the change occurs during the maintenance phase, it must be propagated through the system in-
volving data structures and/or programs. However, it must also be integrated in the system documentation at the different
abstraction levels. Let’s consider two different examples:

(a) a new domain is inserted into the system,

(b) the original disk has to be removed and a new disk is installed.

The first change can easily be propagated as long as the information system is not running, even if it impacts heavily the
different design levels. If the system is already under operation, a migration process must be conducted. The maintenance
team must ensure that both the system is correct and its documentation is up-to-date. Change (b) should not impact neither
the documentation nor the structure of the information system.

The significance of change is the third relevant dimension. Depending on the impact of the change on the information
system, we define it as being minor or major. A major change will generate an important workload both on the documen-
tation and on the database application. A minor change has a limited impact. It can be taken into account without defining
a fastidious process. In this case, a trace mechanism is useful in order to define precisely the impact sphere of the change
at each abstraction level. For instance, let’s consider the following three types of change:

(a) A new concept is added in the conceptual schema.

(b) A new domain is inserted into the system.

(c) The system must migrate from a DBMS platform to another one.

Even if it impacts all the abstraction levels, change (a) is a minor one. Change (b) is major. First the new domain
must be conceptually represented. The second step consists in integrating this conceptual representation with the existing
conceptual schema. Finally, change (c) leads to an important migration process. However, it has theoretically no impact
on the conceptual level.

3.2 The techniques needed to manage evolutions

These sets of techniques are used either to ensure the correct documentation of the system or to propagate the changes in
the software.
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Figure 2: The chain between abstraction level components

Reverse engineering. It consists in providing the system with a high level description by reversing the normal design pro-
cess. For instance, starting from a physical description of data, a reverse engineering process leads to a conceptual schema
of these data [1]. In particular, reverse engineering encompasses program comprehension, structure comprehension, and
meta-modeling techniques.

Forward engineering. It refers to the design process starting from a high level description of data and enabling the elici-
tation of an efficient physical organization of data. In the context of Unanticipated Software Evolution (USE), it contains
a trace mechanism allowing the minor change propagation forward and backward. Moreover, the forward engineering
mechanism must be based on an iterative cycle.

Schema integration. This technique consists in defining a global schema integrating several initial partially overlapping
schemas. It involves the resolution of numerous problems, such as terminology conflicts or different user perceptions [6].
It can be used to confront the conceptual representation of an existing system with the abstraction of a new one (the one
modeling the evolution) to be merged in this system.

Data integration. When a database is obtained from the merging of several existing systems, a data integration process is
required in order to deal with data format conflicts, heterogeneity of representations, etc.

Change implementation. By change implementation, we designate the transformations of the system needed to take into
account a minor modification of it. It is based on a mechanism allowing us to evaluate the impact sphere of this change
on the objects, and to chain this sphere between abstraction levels. Figure 2 illustrates partially the model underlying this
mechanism in teh case of relational systems.

Migration process. Such a process encompasses the set of tasks enabling the transformation of a system when a major
change is needed. In such a case, the impact sphere is so important that the whole system has to be reconsidered.

3.3 The database evolution framework

In our opinion, a typology of all the different unanticipated changes that can occur in an information system must be
established and linked to possible impacts in the database representing this information system. This kind of guidance
can help the maintainer of the database to trigger off an adaptive or perfective maintenance process.

The table below (Figure 3) proposes the appropriate techniques to be used in the case of a requirement, a conceptual and
logical, or a physical change. The utilization of these techniques depends also on the change time frame, such as changes
occurring at one of the design stages of the database or changes occurring at the maintenance phase of the database. For
example, if we are faced with a major conceptual change, when a relational system is under design, a schema integration
process may be conducted in order to obtain a global conceptual representation encompassing this change. Then, a
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Figure 3: Techniques to be used for each change type

forward engineering technique transforms this conceptual schema into a logical schema of a database and finally into a
physical description. If the system is under maintenance, a migration process must follow.

As illustrated at Figure 4, our framework aims at guiding the designer and/or the maintenance engineer to face different
types of change. Depending on its nature, the change impacts on one or several phases of the database life-cycle. Different
evolution techniques have to be used depending on the three dimensions of this change. These techniques will ensure
the correct propagation of the change on the whole database life-cycle. The database evolution framework is sketched in
Figure 4. This framework encompasses all the dimensions of changes. There are five major components in the framework.
Since this framework represents the way database changes can be taken into account, it is important to highlight the
nature of changes. Clearly, the nature of changes influences the choice of the adequate database evolution techniques and
impacts the database life-cycle. The second component is the change time frame which directly influences the choice of
the evolution technique. The third component is the significance of the change. How the framework leads to an evolution
technique depends on the scope of the change, either major or minor. In this framework, the fourth component, the
database life-cycle is the focal point. Understanding database changes can be a very complex task due to the number
of variables present in the database environment. By considering each phase of the database life-cycle, the framework
allows us to tackle this complexity. The last component refers to evolution techniques. Using the mappings provided by
the framework, the maintenance team can manage database changes issues. For each combination of the three dimensions
characterizing database changes, the framework suggests the right evolution techniques for each phase of the database
life-cycle. Figure 4 exhibits only the macro mappings between the components.

As an example, let us consider a library management system. At the end of the design phase, a validation process
conducted with the users pointed out the lack of differentiation between scientific editor and publisher. This change can
be defined as a conceptual minor change occurring at the design phase. Applying our framework leads us to recommend:

� a reverse engineering technique to propagate this unanticipated change in the specifications and

� a forward engineering technique

Let us consider a second example consisting of adding a book order process into the system. It is a major unanticipated
change occurring on the maintenance phase. Our framework suggests to perform :

� a schema integration between the previous conceptual schema and the conceptual representation of the new process,
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Figure 4: Techniques to be used for each change type

� a forward engineering of the new data model and,

� a migration data process from the current system to the new one.

These examples illustrate the usefulness of our framework both for designers and maintainers of evolving information
systems.

4 Related Works

Past work on change evolution has focussed mainly on the late phases of software life-cycle [16]. Our approach encom-
passes the whole life-cycle and especially the early phases (requirements specification and design).

The problem of database evolution has been widely addressed during the last twenty years. The literature supplies a set
of approaches and techniques for schema evolution. Approaches for database transformations have been proposed [8].
Among these approaches we can mention those for ER schema transformation proposed by Batini et al. [4], Kim et al.
[15], and Kashyap et al. [14]. Some aspects of these approaches have been formalized only for transformation and are
independent of database content [20, 21]. Other approaches considered only certain types of transformations and assume
that specific types of dependency constraints are employed [5, 13, 17, 29]. In contrast to these approaches, McBrien
et al. [18, 19] have proposed a formal framework for ER transformation that allows arbitrary constraints on instances
to be specified on part of the transformation rules. They also propose a prototype ER schema transformation tool that
automatically translates queries, updates and data from the source schema into the transformed schema.

In the area of object-oriented databases, Banergee et al. [3] introduce a taxonomy of schema modification operations.
Rules preserving invariant of the schema are proposed to put constraints on schema evolution. Zicari [32] proposes a
set of primitives to manage schema evolution in the O2 database systems. Randal et al. [24] address the semantics of
change by defining an axiomatic model enabling a formal specification of dynamic schema evolution in Object-Oriented
systems. A change impact analysis approach is proposed in [9, 10]. This approach uses a multi-graph that describes the
links between the software components and a knowledge-base system to represent the knowledge of the evolution experts.
Yougopuspito et al. [31] describe a transformation process from a relational database to an object relational database.

Some works go beyond the definition of taxonomy of changes [28]. Roddick et al. [26] describe the changes through
different characteristics like the effect or the cause of changes. Neumann et al. deal with software changes in order to
analyze the change impact [22]. In the same objective, Weideneijer et al. [30] propose a set of semantics patterns changes
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that can occur in a conceptual schema. The use of these patterns should contribute in the determination of the best way to
change the conceptual schema. Rashid suggests an aspect-oriented approach to deal with unanticipated changes [25].

In contrast with our work, little work has been done in addressing the problem of overall database evolution. The works of
Dominguez et al. [11], and Gustavsson et al. [12] consider only the definition of an architecture allowing the management
of database evolution. These architectures register schemas of different design levels and the transformation rules used
for the mapping between elements of two adjacent design levels. However, these architectures only take into account the
conceptual and the logical design levels. Finally, Noppen et al. propose a model to anticipate future requirements [23].

5 Conclusion

This paper describes a typology of unanticipated changes allowing the designer to evaluate their impacts on a database
system. The typology is based on three dimensions :

� the nature of change : it can be concerned with requirement specifications, business rules, physical storage, etc.
These types of changes are very different in terms of their consequences on the database system.

� the change time frame : the earlier a change occurs in the database life-cycle, the easier it can be integrated and
propagated.

� the significance of change : minor changes affect a very small part of the system. They have to be taken into account
differently compared to major changes whose impact sphere is an important part of the system.

For each type of change, we define one or several techniques to be used in order to ensure that the evolution is propagated
both in the system and in its documentation. We propose a framework matching three dimensions of changes, and database
life-cycle phases, to evolution techniques such as forward engineering, reverse engineering, migration process, etc.

Further work will consist in defining a guidance tool in order to help database designers and maintenance teams in man-
aging database unanticipated evolution. This guidance tool will be based on our change typology and on our framework.
Prototyping this tool will allow us to validate this typology and/or enrich it.
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