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Abstract

While recent data management technologies, such as object oriented techniques, address the problem of database
schema evolution, standard information systems currently in use raise challenging evolution problems. This paper exam-
ines database evolution from the developer point of view. It shows how requirements changes are propagated to database
schemas, to data and to programs through a general strategy. This strategy requires the documentation of database design.
When absent, such documentation has to be rebuilt through reverse engineering techniques. Our approach, called
DB-MAIN, relies on a generic database model and on transformational paradigm that states that database engineering
processes can be modeled by schema transformations. Indeed, a transformation provides both structural and instance
mappings that formally define how to modify database structures and contents. We describe both the complete and a sim-
plified approaches, and compare their merits and drawbacks. We then analyze the problem of program modification and
describe a CASE tool that can assist developers in their task of system evolution. We illustrate our approach with Biomaze,
a biochemical knowledge-based the database of which is rapidly evolving.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Software evolution is one of the most challenging problems in software engineering. Changes in functional
or non-functional program requirements naturally induce code modification in order to make them comply
with these new requirements.

A database application is a software system that includes complex and high-volume persistent data stored in
a set of files or in a genuine database. It also has to evolve due to environment requirements changes.

Such an application brings its own specific problems, notably due to the sharing of the database among
many programs. Any change in the application domain or in the technological platform of the applications
induces semantic or technical adjustments in the database that, most generally, translate into structural mod-
0169-023X/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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ification of the conceptual, logical, or physical schema of the database. Moreover, the data themselves must
evolve accordingly, as well as the programs that read and update these data.

The lack of support, in terms of methods and tools, in database maintenance and evolution is testified by
the low number of scientific references that can lead to practical application and the current state of the art
among practitioners. Systematic rules for translating requirements evolution into technical modifications of
an application are still unknown, particularly when traceability of the design and maintenance processes is
missing. Current CASE tools automatically generate incomplete DDL code, that therefore must be modified
to be truly operational. If database specifications change, these tools produce new code which is disconnected
from the previous version. In addition, data conversion and program modification are up to the programmer.

Quite frustratingly, though schema evolution has been widely studied in the scientific literature, yielding
interesting results, it has yet to be implemented into practical technology and methodology. The problem
of database evolution was first studied for standard data structures. Several researchers have analyzed direct
relational schema modification (e.g., [2,27,30,8]). Others have analyzed the propagation of conceptual modi-
fications on relational schemas [27,32]. The object paradigm has proved to be an adequate framework to
develop elegant solutions through the concepts of schema and instance versioning [1,4,25]. In [26], aspect ori-
ented extensions of a database system allowing evolution are studied. Evolution has also been studied as a
global process, independent of the underlying model. For instance [7,24] both develop a general framework
in which different types of evolution are classified.

Several research projects have addressed the problem of change in information systems. The NATURE
project [19] has developed a requirements engineering framework that includes modification management.
The SEI-CMU project studied the evaluation of the evolution capacity of existing information systems [6].
Closer to our data-centric approach, the Varlet project [18] adopts a reverse engineering process that consists
of two phases. In the first phase, the different parts of the original database are analyzed to obtain a logical
schema for the implemented physical schema. In the second phase, this logical schema is transformed into a
conceptual schema that is the basis for modification activities. Due to simplified conceptual schema and design
process, the Varlet approach enjoys full automation, contrary to the approach presented in this paper, that
allows a higher degree of freedom.

As illustrated in this paper, database evolution can be perceived as a transformational process, which com-
plies with the emerging model-driven engineering paradigm. In [23], for instance, the authors show how a
framework based on a low-level hypergraph-based data model and on a set of transformational operators pro-
vides a way to handle schema evolution in heterogeneous database architectures.

The reader will find additional material in software evolution in general and in schema evolution in parti-
cular in surveys such as [22,24,28,29].

This paper analyzes the phenomenon of data evolution in database applications as the coordinated mod-
ification of three system components, namely data structures, data and programs, following requirements
changes at different levels of abstraction. We give the problem statement in Section 2 and introduce the meth-
odological foundations in Section 3. Then, in Section 4 we describe the evolution strategy of our DB-MAIN
approach.1 We describe a representative application in Section 5, and conclude in Section 6.

This paper is an extended version of Ref. [17]. In particular, it includes a more detailed description of the
transformational techniques (Sections 3.2 and 3.4), a new synthetic technique for tracing inter-schema map-
ping (Section 4.5) and the description of a bioinformatics knowledge-based system that integrates a database
evolution engine (Section 5).

2. Problem statement

The phenomenon of evolution is analyzed in the framework of classical modeling approaches that are now
familiar to database developers. These approaches consider database design to be a complex activity made up
of elementary processes based on three abstraction levels, each of them dealing with homogeneous design
requirements, i.e., the conceptual, logical, and physical levels. System engineering generally considers three
1 DB-MAIN stands for Database Maintenance and Evolution. We introduced this approach in [10] and developed it in detail in [16].
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kinds of requirements, namely functional (to meet the user requirements in terms of system functions), orga-
nizational (to answer the framework changes in a company), and technical (adaptation to the new technical or
hardware constraints). Fig. 1 depicts the standard database design framework, where the conceptual schema
meets the organizational and functional requirements R1, while the logical schema satisfies the DBMS-depen-
dent data model requirements R2 and the physical schema integrates the physical requirements R3. The oper-
ational system contains the database (structures and data) and the programs. According to the most
commonly agreed approaches, the conceptual schema is translated into a DBMS model-dependent logical
schema, which is in turn enriched into the physical schema. These translation processes are basically of a trans-
formational nature.

We adopt the hypothesis that all the application specifications for each abstraction level and the trace of
their design processes, i.e., the transformations that have been carried out, are available. This assumption
is of course unrealistic in many situations, in which the program source code and DDL scripts (or DBMS data
dictionary contents) are often the only available documentation. In this context, the strategies we develop
must be completed to take the lack of high-level specifications into account.

Database application evolution translates requirements changes into system changes. This paper focuses on
persistent data, i.e., the set of files or databases that store information that describes the application domain.
More precisely, the problem can be summarized as follows: how must a change in a schema be propagated to
(1) the lower level schemas, including DDL code, (2) the data and (3) the application programs.

This study relies on a non-temporal approach, according to which all the application components (i.e., the
schemas, data and programs) are replaced by new versions. In particular, the data are transformed in such a
way that they become unavailable in their previous form. Application programs can use the new data only after
being transformed accordingly. This strategy applies both to legacy and modern database applications and con-
trasts with advanced systems where the modification of the database schema is translated into the addition of a
new version that coexists with former versions, possibly through views and filtering mechanisms. In such schema/
data versioning approaches [20,27], the old schema is preserved and access to its data is stored or calculated.

For example, removing a property from a conceptual class is ultimately translated in our approach into the
removal of the corresponding column through the query:
alter table < table name > drop < column name > .
3. Methodological foundations

Requirements modification is translated into specification changes at the corresponding level, according to
rules that we do not address in this paper. In an ideal context in which all the schemas are available and con-
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sistent, these changes must be propagated upward and downward to other abstraction levels. Due to the com-
plexity of the process, it must be supported by a methodology and a CASE tool, which must meet three
conditions.

• Genericity: it must offer a generic model of specification representation whatever the abstraction level, the
technology, or the paradigm on which the application relies. Indeed, most operational environments
include several technologies and rely on several models.

• Formality: it must formally describe database engineering activities in order to allow rigorous reasoning,
notably as far as specification preservation is ensured.

• Traceability: the links between specifications must be precisely recorded. They must be analyzed to provide
the information necessary for modification propagation.

The DB-MAIN approach to database evolution is based on three concepts that implement these require-
ments: a generic representation model (Section 3.1), a transformational approach (Section 3.2), and history
management (Section 3.4).

3.1. Generic model of specification representation

The DB-MAIN model has generic characteristics according to two dimensions:

• specification representation at each abstraction level: conceptual, logical, and physical;
• coverage of the main modeling paradigms or technologies such as ERA, UML, ORM, objects, relational,

CODASYL, IMS, standard files, and XML models.

It is based on the generic Entity/Relationship model and supports all the operational models through a spe-
cialization mechanism. Each model is defined as a sub-model of the generic model, obtained by restriction, i.e.,
by selecting the relevant objects, by defining the legal assemblies through structural predicates, by renaming
the object according to the model taxonomy, and by choosing a suitable graphical representation. Fig. 2 pre-
sents schemas according to classical sub-models for the three abstraction levels: ERA (European style) at the
conceptual level, relational at the logical level, and Oracle 8 at the physical level.

In Fig. 2/C, PERSON, CUSTOMER, SUPPLIER, ORDER and ITEM are entity types or object classes.
CUSTOMER and SUPPLIER are subtypes of PERSON, which acts as a supertype. Totality and disjunction
constraints (P denotes both, and defines a partition) are defined on these subtypes. Attributes PersNum, Name,
Address and Phone characterize PERSON (as well as CUSTOMER and SUPPLIER). Address is a compound
attribute while Phone is multivalued. Attributes Number, Street and City are components of Address. Number

is optional. Relationship types (rel-types for short) place, reference and offer are binary relationship types. Rel-
type reference has an attribute. ORDER plays two roles, respectively in place and reference. Each role has min-
imal and maximal cardinalities (N stands for infinity), that are noted in the participation interpretation, which
is the converse of the look-across interpretation of, say, UML. Rel-type reference is qualified many-to-many
and place one-to-many. CUSTOMER is identified by CusNum.

Fig. 2/L depicts a relational schema in which PERSON, CUSTOMER, SUPPLIER, PHONE, ORDER,
etc. are tables. PersNum, CusNum and Name are columns of PERSON. Name is mandatory and Add_Number

is optional (nullable). PERSON has a primary identifier (primary key), NumPers and two secondary identifi-
ers, CusNum and SupNum. ORDER.CusNum, as well as PERSON.CusNum, are foreign keys (ref or equ)
targeting CUSTOMER. All the values of CUSTOMER.CusNum also appear as non-null values of
PERSON.CusNum. PERSON is subject to an exactly-one constraint (exact-1), i.e., for each row of this table,
one and only one of the columns SUPPLIER and CUSTOMER has a non-null value.

In Fig. 2/P, the names of tables and columns are compliant with SQL syntax and include physical, perfor-
mance-oriented constructs. For example, Date (reserved word) becomes DATEORD in ORDER. Indexes
(access keys) are defined on columns such as PERSNUM of PERSON and SUPNUM of ITEM. Storage
spaces (called TABLESPACE in Oracle) are defined: SPC_SUP contains the rows of tables ITEM and
SUPPLIER.
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Fig. 2. Graphical views of conceptual (C), logical (L), and physical (P) schemas.
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3.2. Transformational approach

A database engineering process can be defined as a sequence of data structure transformations [3]. Adding
an entity type, renaming an attribute, and translating a relationship type into a foreign key are elementary
transformations. They can be combined to build more complex processes such as schema normalization, log-
ical schema optimization, or DDL code generation. The concept of transformation used in this paper is
described formally in [11,13], but we will briefly present those of its principles that are of interest in this paper.

A transformation consists in deriving a target schema S 0 from a source schema S by replacing construct C

(possibly empty) in S with a new construct C 0 (possibly empty).
More formally, a transformation R is defined as a pair of mappings hT, ti such that:
C0 ¼ T ðCÞ;
c0 ¼ tðcÞ;
where c is any instance of C, and c 0 is the corresponding instance of C 0.
Structural mapping T explains how to modify the schema while instance mapping t states how to compute

the instance set of C 0 from the instances of C (Fig. 3). Structural mapping T can be defined by a pair of pred-
icates hP,Qi where P is the minimal precondition C must satisfy and Q the maximal postcondition observed in
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C 0. Therefore, we can alternatively use the notations R = hT, ti and R = hP,Q, ti. P (resp. Q) is a second-order
predicate that defines the properties of structure C (resp. C 0).

Any transformation R can be given an inverse transformation R 0 = hT 0, t 0i such that
Fig. 4.
T 0ðT ðCÞÞ ¼ C.
If, in addition, we also are provided with instance mapping t 0 such that:
t0ðtðcÞÞ ¼ c;
then R (and R 0) are said semantics-preserving or reversible. If hT 0, t 0i is also reversible, R and R 0 are called sym-

metrically reversible.
Fig. 4 illustrates the structural mapping T of the transformation of a relationship type into an entity type.

Both left and right sides are graphical representations of predicates P and Q. This classical transformation
appears in logical design, where complex structures, such as n-ary or many-to-many rel-types must be replaced
with simpler, flat structures. This transformation is abstract, or generic, in that the concerned schema objects
are denoted by variables A, B (for entity type names), r (rel-type name), rA and rB (role names). Assigning
names of actual object leads to a concrete, or instantiated transformation such as that of Fig. 5. The instance
mapping, which is not represented in Fig. 5, explains how each R entity derives from an r relationship. The
inverse transformation, denoted by T 0 in Fig. 4, transforms the entity type R into the rel-type r. A complete
formal description of this transformation, including the proof of its symmetrical reversibility, can be found in
[11].

In the context of the source schema, a transformation is specified by its signature, which gives the name of
the transformation, the name of the objects concerned in the source schema and the name of the new objects in
the target schema. For example, the signatures of the generic transformations represented in Fig. 4 are:
0-N0-N
reference
Quantity

ORDER
OrdNum
Date
id: OrdNum

ITEM
ItemNum
Description
Price
id: ItemNum

1-1

0-N

to1-1

0-N

by

REFERENCE
Quantity
id: by.ORDER

to.ITEM

ORDER
OrdNum
Date
id: OrdNum

ITEM
ItemNum
Description
Price
id: ItemNum⇔

Fig. 5. Instantiation of the generic transformations of Fig. 4 with actual object names.
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Two, inverse, generic transformations through which relationship type r is transformed into entity type R (T) and conversely (T 0).
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T : ðR; frA;rBgÞ  RT-to-ETðrÞ
T
0 : r  ET-to-RTðRÞ
The first expression reads as follows: by application of the RT-to-ET transformation on rel-type r, a new entity
type R and two new rel-types rA and rB are created. Note that all objects need not be mentioned in a signa-
ture. Such is the case, in the T 0 signature, of rel-types rA and rB in which R participates.

The notion of semantics of a schema is an important issue, though it has no generally agreed upon defini-
tion. We assume that the semantics of S1 include the semantics of S2 iff the application domain described by S2

is a part of the domain represented by S1. Though intuitive and informal, this definition is sufficient for this
presentation. In this context, three transformation categories can be distinguished:

• T+ collects the transformations that augment the semantics of the schema (for example adding an entity
type).

• T� includes the transformations that decrease the semantics of the schema (for example adding an
identifier).

• T= is the category of transformations that preserve the semantics of the schema (for example the transfor-
mation of Fig. 4).

Transformations in T= are mainly used in logical and physical schema production, while T+ and T� trans-
formations make up the basis of specification and evolution processes.
3.3. Practical transformations

T+ and T� transformations are fairly straightforward, but T= operators deserve to be further described. In
this section, we illustrate some of the most useful semantics-preserving transformations. In particular, they are
necessary and sufficient to transform the conceptual schema of Fig. 2/C into a relational schema (Fig. 2/L).
Fig. 6 shows graphically the source (P) and target (Q) patterns of these operators. All of them are symmetri-
cally reversible, so that their use is guaranteed to produce target schemas that preserve the semantics of a large
class of source conceptual schemas.

Transformation ISA-to-RT replaces a supertype–subtype pattern by one-to-one rel-types between the
supertype and each subtype. A more general version of transformation RT-to-ET has been described in
Fig. 4. Transformation Att-to-ET-inst replaces an attribute by an entity type and a one-to-many rel-type.
Transformation disaggregate replaces a compound attribute by its components. Finally, transformation RT-

to-FK replaces a one-to-many rel-type by a foreign key.
3.4. History

For the sake of consistency, we consider that requirements modifications applied at a given abstraction
level must be propagated to the other levels. For example, adding a column to a table must imply the addition
of the corresponding attribute to the entity type implemented by this table. Conversely, removing a one-to-
many rel-type in a conceptual schema must be followed by the removal of the corresponding foreign key in
the logical and physical schemas. As far as evolution is concerned, keeping track of the design transformations
is a necessity, as we will see, to avoid manual reformulation of the design transformation sequence for each
evolution modification [10].

The trace of the transformations that produce the schema Sj from schema Si is called the history of the
transformation process, and is denoted as Hij. The composition of a sequence of elementary transformations
Hij is also a (macro-)transformation, so that we can use the functional notation: Sj = Hij(Si) with
Hij ¼ T n � � � � � T 2 � T 1, that will be denoted as hT1,T2, . . . ,Tni in the following.

Using the signature notation, the following history, named LD0, describes how the conceptual schema of
Fig. 2/C has been transformed into the relational schema of Fig. 2/L.
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Fig. 6. Five of the most common generic transformations (left to right) and their inverse (right to left), together with their respective
signatures.
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LD0 = <
T1 : (pers_cus,pers_sup) ISA-to-RT(PERSON, {CUSTOMER,SUPPLIER})
T2 : (REFERENCE, {ord_ref,ite_ref}) RT-to-ET(reference)

T3 : (PHONE,have) Att-to-ET-inst(PERSON.Phone)

T4 : (Add_Number,Add_Street,Add_City) disaggregate(PERSON.Address)

T5 : (CUSTOMER,CusNum) RT-to-FK(pers_cus)
T6 : (SUPPLIER,SupNum) RT-to-FK(pers_sup)
T7 : (PHONE,PersNum) RT-to-FK(have)

T8 : (ORDER,CusNum) RT-to-FK(place)

T9 : (ITEM,SupNum) RT-to-FK(offer)

T10 : (REFERENCE,OrdNum) RT-to-FK(ord_ref)
T11 : (REFERENCE,ItemNum) RT-to-FK(ite_ref)

>

When the transformations recorded in Hij are applied to Si, Hij is said to be replayed on Si. A history can be
formally processed if several properties hold [12]:

• Exhaustivity: the transformations are recorded precisely and completely to allow the inversion of non
semantics-preserving transformations (reversing a delete transformation requires a description of all the
aspects of the deleted objects).

• Normalization: the history is monotonic (no rollback) and linear (no multiple branches).
• Non-competition: a history is attached to one schema and only one user can modify it.

An important manipulation is the inversion of a history. Considering history H, it consists in computing the
inverse history H 0 such that, for source schema S, we have:
S ¼ H 0ðHðSÞÞ
For linear histories, the inverse is obtained by replacing each transformation with its inverse, then reversing
the order of the transformations. The reconstruction of the design history of a legacy database from the his-
tory of its reverse engineering is one of the applications of this operation. It is one of the bases of the strategies
we describe in Section 4.
4. Evolution strategy

The approach proposed in this paper has been developed for controlling the evolution of relational dat-
abases and of the client applications that use them, but other models can be accommodated with minimal
effort thanks to the genericity of the transformational approach. This choice allows us to build a modification
typology and to design concrete conversion tools that can be used with systems developed in a third-genera-
tion language such as COBOL/SQL or C/SQL.

To make database applications evolve, the design history must be available. In particular, the three
levels of specification must exist and be documented, together with the histories of the inter-level trans-
formation processes. In other words, the database is required to be fully documented through its concep-
tual, logical, and physical schemas, and through the histories of the conceptual-to-logical and logical-to-
physical processes. In most cases, these preconditions are not met: some (or all) levels are missing,
incomplete or obsolete. Sometimes, only the source code of the programs and of the data structures
are available. In these cases, the documentation and the histories must be rebuilt using reverse engineer-
ing techniques that are not addressed in this paper. The reverse engineering approach we have developed
aims at rebuilding not only the three schemas of a legacy database, but also the histories of their pro-
duction. It has been described in [9,14] while the process of rebuilding histories has been developed in
[12].
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4.1. Evolution scenarios

We have defined three scenarios, one for each abstraction level (Fig. 7). The initial specifications are avail-
able as the three standard schemas: conceptual (CS0), logical (LS0) and physical (PS0) schemas. The opera-
tional components are the database (D0, including data and structures) and the programs (P0). LD0 (resp.
PD0) is the history that describes the transformations applied to CS0 (resp. LS0) to obtain LS0 (resp.
PS0). The scenarios are constrained by the following assumption: the change must be applied on the relevant
level. For instance, adding a new property to an application class must be translated into the addition of an
attribute to a conceptual entity type, in CS0, and not by adding a column to a table in LS0, or worse, by alter-
ing the SQL code, through an alter table SQL statement.

In the first scenario (Fig. 7a), the modifications translate changes in the functional requirement into con-
ceptual schema updates. This new state is called CS1. The problem we address is the propagation of these
modifications towards the logical, physical, and operational layers, leading to the new components LS1,
PS1, P1, and D1, and to the revised histories LS1 and PS1. The second scenario (Fig. 7b) addresses logical
schema modifications. Though the conceptual schema is kept unchanged (CS1 = CS0), the logical design his-
tory LD0 must be updated as LD1 and the modifications must be propagated in the physical and operational
layers. In the third scenario (Fig. 7c), the designer modifies the physical schema to meet, e.g., new performance
requirements. The physical design history is updated and the operational layer is converted.

The evolution strategy comprises four steps: database schema modification (Section 4.2), schema modifica-

tion propagation (Section 4.3), database conversion (Section 4.4) and program modification (Section 4.6).

4.2. Database schema modification

In Fig. 7a, the requirements met by CS0 evolve from R1 to R1 0. The analyst copies the schema CS0 into
CS1 and translates the changes into modifications of CS1. The transformations applied to CS0 to obtain CS1
are recorded into history CE1, so that CS1 = CE1(CS0). In Fig. 7b, the schema LS0 is modified to obtain LS1.
The logical evolution transformations are recorded in the history LE1. Note that the designer can also modify
the logical schema by using transformations other than those used in LD0, without modifying the conceptual
objects. For example, a multivalued attribute transformed into a series of single-valued columns will now be
transformed into an autonomous table. In this case, though the conceptual schema does not change, the first
scenario is used. CE1 is empty and CS1 is equivalent to CS0, but the logical design history LD1 contains the
new transformation (cf. Section 4.3). In Fig. 7c, the physical schema PS0 is transformed into PS1 and the mod-
ification transformations are recorded in PE1.

Our DB-MAIN approach is based on a set of standard schema modifications that account for most evo-
lution needs. A detailed study of modification typology in conceptual, logical, and physical levels is given in
[16,27].

Hereafter, we discuss the first scenario applied to the following change: the cardinality of the multivalued
attribute Phone in the conceptual schema of Fig. 2/C, is changed from [0–5] to [0–2]. This example will be
analyzed for each step of the evolution strategy process.
(a) (b) (c) 
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Fig. 7. Propagation of modifications at each abstraction level. (a) Conceptual modifications, (b) logical modifications, and (c) physical
modifications.
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The conceptual evolution history CE1 comprises one signature:
CE1 ¼ < T1 : change- max -cardðPERSON.Phone;2Þ >
4.3. Schema modification propagation

At this level, all the specifications and the histories must be updated according to the modification of attri-
bute Phone described in Section 4.2.

In the first scenario, the new conceptual schema CS1 is transformed into a logical schema LS1 that is as
close as possible to the former version LS0 and that integrates the conceptual modifications. Technically
speaking, and in accordance with the idea that a transformation progressively changes (and therefore destroys)
the source schema, we proceed as follows:

1. we create a new schema that is a copy of CS1, and we name it LS1;
2. we replay the history LD0 on LS1.

This history contains the necessary operations to transform the conceptual schema CS0 into a relational
schema, as in Fig. 2/L. The relational transformations belong essentially to the T = category, since the logical
schema is expected to preserve the conceptual specifications.

When the history LD0 is replayed on the copy LS1 of the new conceptual schema CS1, four situations can
occur according to the status of the object submitted to a transformation of LD0.

1. The object has not been changed by CE1: the transformations of LD0 concerning this object are executed
without modification.

2. The object is new, and has been created by CE1: the transformations of LD0 have no effect. The designer
must specifically process the new object.

3. The object has been removed by CE1: the transformations of LD0 concerning this object can be applied but
they have no effect.

4. The object has been modified by CE1: for minor modifications (e.g., data type), the transformations con-
cerning this object are executed. For major modifications (e.g., maximum cardinality), these transforma-
tions are no longer adapted and processing this object is the designer�s responsibility.

The transformations of LD0 augmented with those applied on new objects (type 2), on modified objects
(type 4) and where transformations on removed objects have been discarded (type 3) make up the new logical
design process recorded as history LD1.

After that, we proceed in the same way by replaying history PD0 on LS1 to obtain the new physical schema
PS1. PD1 contains the transformations (on physical structures: indexes and storage spaces) such that
PS1 = PD1(LS1).

In the second scenario, the propagation starts at the logical level but is based on similar principles. The new
logical design history LD1 is made up of LD0 augmented by the trace of the new transformations (LE1):
LD1 = LD0 � LE1. The propagation of the modifications to the physical level is similar to that of the first
scenario. If the evolution involves the application of transformations other than those used formerly to pro-
duce the logical schema from the conceptual specifications, then LS0 is replayed step by step and the designer
replaces, when needed, the former transformations by the new ones. A second set of schema modifications is
needed: it includes the most useful conceptual-to-logical transformations for relational schemas [16].

The third scenario is similar to the second one, applied on the physical schema. The new physical design
history PD1 is made up of PD0 augmented by the trace of the new transformations (PE1):
PD1 = PD0 � PE1. The physical design only deals with constructs such as indexes and storage spaces, which
in most cases is sufficient to describe physical design and tuning scenarios. The logical design stays
unchanged (LD1 = LD0).

Let us go back to our working example, in which we consider the following scenario. When replaying the
history LD0 (Section 3.4) on the new conceptual schema CS1, the designer decides to change his/her mind.
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Fig. 8. Two popular representations of multivalued attribute Phone. (a) Phone represented by a table in LSO and (b) Phone represented by
two columns in LS1.
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Instead of transforming the attribute Phone into an entity type that ultimately becomes the table PHONE
(Fig. 8a), s/he applies the instantiation transformation, according to which a single-valued attribute is intro-
duced to store each source value. Such a design decision, which can be disputed as far as normalization is con-
cerned, can be practically justified by the small number of values of Phone for each PERSON entity. Phone is
therefore replaced with two optional single-valued attributes: Phone1 and Phone2 (Fig. 8b). The new logical
design history LD1 is equivalent to LD0 except that the signature T3 is replaced with
ðPERSON.Phone1;PERSON.Phone2Þ  instantiateðPERSON.PhoneÞ

and the signature T7 is removed. By simply replaying PD0 on the new logical schema, a new physical design
history PD1 is obtained, in which the indexes and storage space specifications related to the former PHONE

table are automatically skipped.

4.4. Database conversion

Once the specifications have been updated, the database structure and contents D0 can be converted. The
data conversion can be automated thanks to a converter generator. The study of the evolution histories (CE1,
LE1, or PE1) allows the generator to locate the modifications in the three abstraction levels. A differential
analysis of the design histories (LD0, LD1, PD0, and PD1) gives the information to derive the physical struc-
tures that have been removed, modified, or added. To shorten the notation, let us call E any evolution history,
and C0 and C1 any elementary or composed history in the old and in the new branch.

In the first scenario, we have:
PS0 ¼ PD0ðLD0ðCS0ÞÞ ¼ C0ðCS0Þ and PS1 ¼ PD1ðLD1ðCS1ÞÞ ¼ C1ðCS1Þ.

In the second scenario, we have:
PS0 ¼ PD0ðLS0Þ ¼ C0ðLS0Þ and PS1 ¼ PD1ðLS1Þ ¼ C1ðLS1Þ.

In the third scenario, C0 and C1 are empty.

According to a definite type of modification appearing in E, three distinct behaviors are possible:

1. In the case of object creation, the analysis of C1 gives the new physical structures according to the possible
transformations applied successively on this object. This object has no instances.

2. In the case of object destruction, the analysis of C0 provides the old physical structures to remove, together
with its instances, according to the possible transformations applied on this object.

3. The case of object modification is more complex. Initially, new structures are created on the basis of C1.
Then, the data instances are transferred from the old structures to the new ones. And finally, the old phys-
ical structures are removed according to the analysis of C0.
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The analysis of E, C0, and C1 let us derive the transformation of data structures and instances of PS0 (i.e.,
D0) into structures and instances of PS1 (D1). The chain of structural mappings (T parts) drives the schema
modification while the chain of instance mappings (t parts) defines the way data have to be transformed. These
transformations are translated into a converter made up of SQL scripts or programs2 in more complex cases.
The detail of translation of schema transformations into SQL scripts can be found in [16].

Some modifications bring about information losses and constraint violations. In these cases, the conversion
script produces a query to verify the violation of the constraint and to ensure data consistency. For example, if
the designer creates a primary identifier on a previously non-unique column, the table contents may violate the
uniqueness constraint, so that the script must store the inconsistent rows, as well as the possible dependent
rows in other tables, in temporary error tables. Automating the generation of conversion scripts is always pos-
sible, but user intervention is often necessary to correctly manage ambiguous or conflicting instances.

In our scenario, the analysis of CE1, C0, and C1 shows that the old table PHONE in source schema PS0
must be replaced by the columns PHONE1 and PHONE2 in target schema PS1. A converter translates this
transformation into the following Oracle script, which converts both the database structure and contents, and
which stores the conflicting data, if any, into the table TEL_ERROR.

– Creation of columns Phone1 and Phone2

ALTER TABLE PERSON ADD PHONE1 CHAR(12);
ALTER TABLE PERSON ADD PHONE2 CHAR(12);

– Creation of error table TEL_ERROR
CREATE TABLE TEL_ERROR(NUMPERS INT, PHONE CHAR(12));

– Transfer of data

CREATE OR REPLACE PROCEDURE Trf_data IS
2 Suc
CURSOR c1 IS SELECT * FROM PERSON P

WHERE exists(select * from PHONE where NUMPERS = P.NUMPERS);

CURSOR c2 IS SELECT * FROM PHONE where NUMPERS = num;

tP c1%ROWTYPE; tT c2%ROWTYPE; num INT; comp NUMBER;

BEGIN

FOR tP IN c1 LOOP
h a co
comp :¼ 1; num :¼ tP.NUMPERS;
FOR tT IN c2 LOOP

IF comp = 1 THEN
UPDATE PERSON SET PHONE1 = tT.PHONE WHERE NUMPERS = tP.NUMPERS; END IF;
IF comp = 2 THEN

UPDATE PERSON SET PHONE2 = tT.PHONE WHERE NUMPERS = tP.NUMPERS; END IF;
IF comp > 2 THEN

INSERT INTO TEL_ERROR VALUES(tP.NUMPERS,tT.PHONE); END IF;
comp :¼ comp + 1;

END LOOP;
END LOOP;

END;
– PHONE deletion

DROP TABLE PHONE CASCADE CONSTRAINT;
nverter is a variant of Extract-Transform-Load (ETL) processors.
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4.5. Synthetic approach

The previous section describes a general approach based on history analysis that gives information to con-
vert data structures and instances. The implementation of the analyzer that supports this approach is feasible,
as demonstrated in [16], but complex for three major reasons:

• In practice, histories are difficult to parse because they include much information that is needed, among
others reasons for undoing actions and for reversing histories [12]. For example, when deleting an entity
type, information about its attributes and constraints is also recorded. This information, which is useless
for database conversion, may make the history analysis process complex.

• The history analyzer is not easy to maintain when a new type of modification must be taken into account.
In the industry, authorized modifications depend on the context (organizational, functional, and technical)
and on the application domain. The evolution processor must be easy to update in order to be accepted by
database engineers and to be financially worthwhile.

• A design history may be non-linear and may include long chains of consecutive transformations on a given
object. This characteristic derives from the exploratory nature of engineering processes when they are man-
ual or semi-automated. Such histories must be cleaned and normalized in order to be useable [12].

Moreover, field studies show that most modifications are fairly simple and straightforward. Renaming
objects, merging and splitting entity types, adding an entity type, an attribute, or a relationship type, changing
the domain or the cardinality of an attribute, and changing the cardinality of a relationship type account for
the most commonly requested changes. Changing the implementation of a conceptual construct is rare, and
most often makes use of a limited set of well defined techniques.

Hence, we have the idea of representing the inter-schema mapping through a static many-to-many relation
from the constructs of one of the schemas to those of the other. In particular, we can drop the information on
how exactly the target schema was produced, thus leading to a coarse, but efficient, traceability.

Basically, each source object includes an identifier that is transmitted to all the target objects that derive,
directly or indirectly, from it. By examining the source and target objects that share the same identifier, the
analyzer infers which transformations have been applied. Since object names can change, possibly several
times in a modification session, they cannot be used to support the traceability of the evolution. Therefore,
the required identifier is materialized by a temporary abstract unique stamp associated with each modified
object.

The simplified evolution process relies on the following principles.

1. The evolution is based on the comparison of the source and target physical schemas, whatever the abstrac-
tion level to which the schema modification has been carried out.

2. Before the current evolution process, each object of the source schema receives a proper stamp, that is, a
stamp that is not inherited.

3. The way in which the source schema is transformed into the target schema is ignored. In particular, all the
strategies, ranging from primitive physical-to-physical (directly modifying the physical schema) to sophisti-
cated physical-to-conceptual-to-physical (Section 4) can be applied.

4. In the schema modification and propagation phases, the transformations applied on stamped objects prop-
agate this information to the resulting objects in the form of inherited stamps. The inherited stamp is a copy
of the proper stamp if the source object has a proper stamp only. If the source object has received inherited
stamps through a previous transformation, then the inherited stamps are copied instead. If one object is
transformed into several objects (as is the case for the instantiation transformation of a multivalued attri-
bute into a list of single-valued attributes, Fig. 8b), the target objects get the same inherited stamp. If several
objects are transformed into one object, the new object inherits the list of the proper or inherited stamps of
the source objects.

The evolution analyzer deduces the transformations that have been applied, and therefore the structure and
data modifications to be applied, from a structural comparison between the source and target constructs that
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share the same stamps. Applied to the comparison of the physical schemas PS0 and PS1, the analysis algo-
rithm builds the modification list as follows:

• For each object of the target schema PS1:

If this object is missing in the source schema PS0, a creation operation is stored in the modification list.
If this object exists in PS0 with the same properties (name, type, cardinalities, . . .), there is no modifica-
tion and the object is skipped.
If this object exists in PS0 with other properties, such as name or cardinalities, a modification operation
is stored to reflect the structural change of this object.
If this object exists in PS0 but with another type or in multiple instances, the transformations applied are
inferred and are stored in the modification list.

• For each object of the source schema PS0:

If this object is missing in the target schema, a deletion operation is stored in the modification list.

Fig. 9 illustrates the propagation of the proper stamp st:1254 of the rel-type has through two successive
transformation steps. In the first step (top), this stamp is inherited by entity type HAS and rel-types hc and
hp (st 0:1254). In the second step (bottom), the inherited stamps of these rel-types are propagated to the equiv-
alent foreign keys Cust# and Phone# of HAS.

The evolution analyzer identifies all the objects with stamps 1254, that is, rel-type has in the source schema,
and entity type HAS and rel-types hc and hp in the target schema. This mapping clearly identifies the standard
chain of transformations of a many-to-many rel-type into relational structures.

This technique is not deterministic in two situations.
First, the analyzer may derive more than one possible transformation. In Fig. 10, the attribute CUS-

TOMER.Phone of CS1 becomes multivalued. The comparison between PS0 and PS1 gives two possible inter-
pretations of the conceptual modification:

• Phone has the new type char(30) in place of char(15).
• Phone is the aggregation of two phone numbers.
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Fig. 9. Propagation of object stamps through two successive transformations.
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Fig. 11. Undefined complex transformation chains with the stamp technique.

J.-M. Hick, J.-L. Hainaut / Data & Knowledge Engineering 59 (2006) 534–558 549
To choose the right solution, the analyzer must know more about the conceptual modification, but it can-
not decide only on the basis on the comparison between PS0 and PS1.

Second, a transformation chain can mislead the analyzer. In Fig. 11, the initially single-valued attribute
Phone is changed to make it multivalued in CS1. Then, this multivalued attribute undergoes several complex
transformations:

• The multivalued attribute Phone is instantiated into five single-valued attributes.
• Then, the last four of the resulting attributes are transformed into a multivalued attribute Phone1.
• Finally, the multivalued attribute Phone1 is transformed into entity type PHONE.

Clearly, merely comparing the objects of PS0 and PS1 that share the stamp 1254 does not provide enough
information to identify the correct transformation chain.

The synthetic approach requires a light evolution processor that is both easy to use and to maintain, since
any new transformation/modification can be easily added to the comparison algorithm. The most frequent
modifications can be processed with this technique. In many organizations, this approach is largely sufficient.
The problematic cases like those described above appear to be infrequent and can be managed manually.

Representing and exploiting inter-schema mapping, though identified long ago, still is an active research
domain. Schema mappings are used in many areas of database systems, including, of course, evolution, but
also integration, migration, and view derivation and integration. Bernstein [5] has developed a framework,
called model management, for managing schema mappings and their operators like composition. Data inte-
gration approaches have used schema mapping declarations in the form of global-and-local-as-view (GLAV)
assertions [34].

4.6. Program modification

Modifying the application programs P0 according to database structure modifications is clearly a complex
task that cannot be completely automated except in simple cases where the modifications are minor. To char-
acterize the impact of data structure modifications on programs, we define three kinds of modifications:
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• Some structure modifications do not require any modification to the programs. For example adding or
modifying physical constructs (such as indexes and storage spaces) has no impact on the programs, at least
for RDBMS.3 The same is valid for the addition of a table or of columns for which no new constraints, such
as not null, are defined.4 Some more complex modifications can be absorbed through the view mechanism, if
it can rebuild the former data structures.

• Other structure modifications only require minor, and easily automated, modifications to the programs.
Such is the case with table renaming or value domain extension.

• However, many modifications involve deeper alteration of the program structure. They often require a
thorough knowledge of the application. In Fig. 2/C, if the attribute CUSTOMER.Account becomes mul-
tivalued, it translates into a new table in the corresponding logical schema. Following this extension of
schema semantics, the program must either keep its former specification (one must decide how to select
the unique account value) or process the multiple accounts of each customer (generally by introducing a
processing loop). In either case, the very meaning of the program must be managed, possibly through pro-
gram understanding techniques. The difficulty lies in the determination of the code section that must belong
to the new loop.

In most cases, the program modification is under the responsibility of the programmer. However, it is pos-
sible to prepare for this work by a code analysis that allows locating the critical sections of code. Program
analysis techniques such as pattern searching, dependency graphs, and program slicing make it possible to locate
with good precision the code most likely to be modified. These techniques have been detailed in [14,33].

That is on the basis of E, C1, and C0 analysis (Section 4.4), that the schema constructs that have changed
can be identified and supplied to the program analyzers (dependency graph analyzers and program slicers).
The latter locates the code sections depending on these modified constructs. A generator examines the results
of the program analysis and produces a report of the modifications which would be advisable to apply to the
programs under the programmer�s control.

In the example of the attribute PHONE, the database conversion requires modifications of the program
structure. Before the modification, the extraction of the telephone numbers of a person required a join oper-
ator, while in the new structure, the values are available in two distinct columns of the current PERSON row.
Clearly, the processing of these values must be rewritten manually unless the program had been written in a
particularly disciplined way. To locate the code to be modified, the program analyzers use parameters based
on the table PHONE, its columns and the variables which depend on them.

Despite the intrinsic complexity of program evolution, new approaches are being developed, and may prove
promising. One of them is based on wrapper technology5 that isolates the application programs from the data
management technology. A wrapper is used to simulate the source schema PS0 on top of the new database
(schema PS1). The mappings T and t of the history E are encapsulated in the wrapper instead of being trans-
lated into program changes. In this way, the programs access the new data through the old schema, so that the
application logic need not be changed. File I/O primitives have to be replaced with wrapper calls in a one-to-
one way, a process that can be easily automated. This approach has been described and explored in [15]. Sim-
pler approaches have been proposed, notably for object oriented applications. Ref. [21] for instance, describes
a tool that finds the impacts of a schema change on the application components and shows them graphically.
However, the lines of code that may be affected are not computed.
3 This would not be true for legacy databases, such as standard files.
4 Provided the select and insert statements use explicit column names.
5 A data wrapper is a procedural component that transforms a database from one legacy model to another, generally more modern

model. It appears as a data server to client applications and makes them independent of the legacy model technology. For instance a set of
COBOL files can be dynamically transformed into an object store or into a relational database. Wrappers can automatically be generated
by the transformational approach described in this paper. See [31] for more details.
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Fig. 12. Conceptual schema (CS0) of a subset of the Biomaze database.
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5. Application: The Biomaze knowledge-based system

5.1. Presentation

The goal of the Biomaze project6 is to develop a knowledge-based system for the representation, storage
and dissemination of up-to-date knowledge on biochemical nets. The system, which is in construction, will
include the following components.

• A biological database representing biochemical nets, implemented in the PostgreSQL relational DBMS.
• A tool-box of specialized processors to exploit biochemical networks: extraction, search, analysis, brows-

ing, and graphical display.
• A web interface to access these processors.

Since the understanding of biochemical phenomena is evolving at a fast pace, the structure of the database
must be changed quite frequently, which requires significant effort to modify the schema, convert the data, and
adapt the processors accordingly.

Fig. 12 shows an excerpt of the conceptual schema of the Biomaze database (CS0). The full schema com-
prises 38 entity types and 41 relationship types, while the relational database that implements it is made up of
53 tables.
6 The Biomaze project is developed in collaboration with the Catholic University of Louvain-la-Neuve (UCL, Department of
Computing Science and Engineering) and the Free University of Brussels (ULB, Service of Biological Macromolecules Conformation and
of Bioinformatics).
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To simplify the discussion, and without loss of generality, we consider physical schemas in which indexes
and storage areas have not been specified.7 As a consequence, we can consider that the transformation of a
conceptual schema into a physical schema is carried out in one step, through some kind of logical–physical

design process, the execution trace of which is the history LPD0.
This history includes information on the operations necessary to transform the conceptual schema CS0 into

the relational schema PS0. For instance, we will find there the description of the transformation of many-to-
many rel-type FactorComp into an entity type, the addition of technical identifiers named object_id, transfor-
mations of all the rel-types into foreign keys, and modification of names (creating the indexes is ignored). A
plausible version of PS0 is depicted in Fig. 13.

5.2. Conceptual modification

Due to environmental changes, the requirements currently met by the conceptual schema evolve. To illus-
trate the database evolution phenomenon, suppose we need two modifications of the conceptual schema CS0,
leading to schema CS1, namely:

1. the BiochemicalEntity.Name attribute becomes multivalued,
2. the entity type BiologicalReaction is renamed into BiologicalEvent.
7 Therefore, they are close to logical schemas. This is valid since indexes and storage areas imply no complexity in the process.
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The conceptual evolution history (CE1) contains the following specifications:

CE1 = <

T0: change-max-card(BiochemicalEntity.Name,N)
T1: (BiologicalEvent) rename-ET(BiologicalReaction)

>

The schema fragments of Fig. 14 reflect these modifications.

5.3. The transformations in the Biomaze system

The analysis of the way biochemists make the conceptual schema evolve and of the conceptual-to-logical
transformations that are currently used have lead to a fairly stable list of elementary transformations that
is given in Fig. 15 for conceptual evolution and in Fig. 16 for relational logical design.

5.4. Schema modification propagation

The logical–physical design history that formerly transformed CS0 into PS0 is replayed on the modified con-
ceptual schema SC1. The two modified structures are left unaltered in this process, so that the designer has to
process them manually, or through an additional application of the conceptual-to-logical-to-physical transfor-
mation script, if the latter exists, which is usually the case when a CASE tool has been used.

The multivalued attribute BiochemicalEntity is transformed into entity type _biochemical_entity_name

together with a one-to-many relationship type, which itself is transformed into foreign key object_id

(Fig. 17, top right). The new logical–physical design history LPD1 includes the transformations of LPD0 aug-
mented with those which were applied on the modified objects, i.e.,
BiochemicalEntity

ObjectType
Label
Name[0-1]

⇒
BiochemicalEntity

ObjectType
Label
Name[0-N]

BiologicalReaction

ObjectType
Label

⇒
BiologicalEvent

ObjectType
Label

Fig. 14. Modification of the conceptual schema CS0 following requirements evolution.

T- T+ T=

Entity type delete create rename 
ET-to-Att

Rel-type delete create rename 

Role delete 
decrease max cardinality
increase min cardinality 

create 
increase max cardinality 
decrease min cardinality 

rename 

is-a relation delete create 

Attribute delete 
decrease max cardinality
increase min cardinality 

restrict value domain

create 
increase max cardinality 
decrease min cardinality 

extend value domain 

rename 
Att-to-ET 

Identifier delete 
add component

create 
remove component

rename 
change status
(prim./second.)

Fig. 15. The transformations for conceptual evolution that are monitored in the Biomaze system.



T- T+ T=

Entity type rename 
split 

merge 

Rel-type RT-to-ET 
RT-to-FK 

is-a relation ISA-to-RT

Attribute rename 
Att-to-ET 

disaggregate 
instantiate-multi 
multi-to-single 

Fig. 16. The transformations for logical design that are monitored in the Biomaze system.8

BiochemicalEntity

ObjectType
Label
Name[0-N]

⇒

_biochemical_entity_name

object_id
name

id: object_id
name

ref: object_id

_biochemical_entity

object_id
objectType
label

id: object_id

BiologicalEvent

ObjectType
Label

⇒

_biological_event

object_id

objectType

label

id: object_id

Fig. 17. Transformation of modified conceptual structures of CS1 into relational structures PS1.

554 J.-M. Hick, J.-L. Hainaut / Data & Knowledge Engineering 59 (2006) 534–558
LPD1 = <
. . . (transformations of LPD0)
T0: (_biochemical_entity_name,have) Att-to-ET-inst(_biochemical_entity.name)
T1: (_biochemical_entity_name.object_id) RT-to-FK(have)
>

5.5. Structure modification and data conversion

The database structures and instances must be converted according to the modification list. The converter
generator analyzes the histories CE1, LPD0, and LPD1. A differential analysis gives the physical modification
list between PS0 and PS1. In this case, this list contains the transformations T0 and T1 of LPD1, and T1 of
CE1. After that, the converter translates these transformations into the following PostgreSQL script:

– Creation of table _biochemical_entity_name
CREATE TABLE _biochemical_entity_name (
8 Tra
attribu
concat
object_id NUMERIC(10) NOT NULL,
name VARCHAR(1024) NOT NULL,
CONSTRAINT id_biochemical_entity_name PRIMARY KEY (object_id, name));
nsformation instantiate-multi has been illustrated in Fig. 8b. It replaces a multivalued attribute by a series of single-valued
tes. Transformation multi-to-single replaces a multivalued attribute by a single-valued attribute representing the
enation of the values of the former.
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– Transfert data

INSERT INTO _biochemical_entity_name
SELECT object_id, name FROM _biochemical_entity
WHERE name IS NOT NULL;

– Create foreign key

ALTER TABLE _biochemical_entity_name

ADD CONSTRAINT fk_biochemical_entity
FOREIGN KEY (object_id)
REFERENCES _biochemical_entity;
– Create index

CREATE INDEX ind_biochemical_entity_name

ON _biochemical_entity_name (object_id);
– Destruction of column name in table _biochemical_entity
ALTER TABLE _biochemical_entity DROP COLUMN name CASCADE;

– Rename table _biological_reaction into _biological_event
ALTER TABLE _biological_reaction RENAME TO _biological_event;

5.6. Program modification

In the Biomaze project, three approaches have been investigated for program modification:

1. On the basis of the modification list generated in the data conversion phase, the modified data structures
are supplied to the program analyzer. In this case, the program slicing locates code sections depending
on the table _biological_reaction and the column names _biochemical_entity. For the renamed table, a
search and replace processor can realize the modifications. For the transformed column, a join operator
is now necessary to read or write the new entity type _biochemical_entity_name. This modification is
manual.

Quite often, depending on the nature of the transformation, the use of relational views can minimize
the change effort. In this case study, a view _biological_reaction is defined on table _biological_event by
the instruction:
CREATEVIEW biological reaction AS SELECT � FROM biological event;
The programs remain unchanged. This solution can be applied when views can restore the data structures
of CS0 from those of CS1. For the modification of attribute name, no view can be generated to simulate the
old structure since the semantics itself has changed.

2. Wrapper technology can be chosen to isolate the programs from the data structures. Wrappers are auto-
matically regenerated to simulate the schema PS0 on top of the new schema PS1. This technology is also
used in progressive migration projects. The old program keeps running on the simulated old database, and
can be migrated, at a convenient pace, to the new database [15].

3. A special type of wrapper, namely parametric wrappers, uses a dictionary of object names and access paths
to dynamically generate the logical accesses to the database. A parametric wrapper is generic, in that it
includes no direct references to schema objects. The program uses the services of the wrapper by sending
it a query that includes the names of the objects of interest. The wrapper then consults the dictionary to
check the validity of the query and to build the corresponding SQL query.

Following the conceptual schema changes, a new version of the dictionary is generated. In this approach
neither the programs nor the wrapper need to be modified. The Biomaze processors that run on the data-
base are built following such an architecture.
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6. Conclusions

The problem of the evolution of an information system, or data-centred application, includes that of the
database which is at its core. Requirements evolution is translated technically into the modification of spec-
ifications at the corresponding abstraction level. The difficulty lies, on the one hand, in the propagation of
these modifications towards the other levels and, on the other hand, to the operational components, namely
the database and the programs.

The transformational paradigm appears to be particularly powerful in coping with these challenges. Indeed,
modeling the engineering processes as transformations allows us to formally define and to reason on both the
artifacts and the processes, whatever their granularity, ranging from elementary object modification to the
whole process itself. This also provides a complete solution to the traceability issue.

The approach described in this paper addresses the common strategy in which evolution translates into the
replacement of the source system with a new one, better suited to the current state of the requirements. Based
on a generic data structure model and on a set of generic transformations, this approach can be customized to
a large variety of data models and database management systems. It also seemlessly integrates the other engi-
neering processes, such as forward engineering, reverse engineering, maintenance, migration, and federation.

The framework we have developed can be degraded into a lighter version of evolution control, the synthetic
approach. This technique is much easier to implement and to support, and is more than adequate in most
practical situations. In some infrequent cases, it may require manual intervention to solve ambiguities.

We have developed an extension of the DB-MAIN CASE tool [35] to support both the full and the syn-
thetic approaches. This tool automatically generates the database converters corresponding to any transfor-
mation sequence. It also generates the rules to be used by the DB-MAIN program analyzers (dependency
graph analyzer, program slicer) to identify the program code sections that should be modified.

An experiment has been carried out on a medium size database (326 tables and 4850 columns) in a distri-
bution company. The application programs were made up of 180,000 COBOL lines of code distributed among
270 modules (a table appears in seven modules on average). The experiment showed that the time of assisted
conversion of the structure, the data and the programs was less than one third of that of the manual process.
With the assisted method, an engineer propagated one elementary database modification into the database
and the programs in 1 day versus 3 days with the manual process. The company saved forty working days
for 20 modifications a year while decreasing the risk of error. However, the assisted method required an initial
investment of 30 days to rebuild a correct and up-to-date database documentation and to adapt the data con-
version and program analysis tools.

The extended DB-MAIN tool is being integrated in Biomaze, a biochemical net knowledge base that
includes a rapidly evolving database.

Research on large system evolution is far from closed, and this is particularly true for the present research. In
particular, some important issues remain, such as extension of the DB-MAIN tool to the evolution of other non-
relational data models, improved heuristics to make the synthetic approach more powerful in solving ambigu-
ities, a better support for program migration, (notably based on the results presented in [15]), and the support
of other evolution strategies, in particular those in which previous versions of the database still are available.
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