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Abstract. Data-intensive systems are subject to continuous evolution
that translates ever-changing business and technical requirements. Sys-
tem evolution usually constitutes a highly complex, expensive and risky
process. This holds, in particular, when the evolution involves database
schema changes, which in turn impact on data instances and application
programs. This paper presents a comprehensive approach that supports
the rapid development and the graceful evolution of data-intensive appli-
cations. The approach combines the automated derivation of a relational
database from a conceptual schema, and the automated generation of
a data manipulation API providing programs with a conceptual view
of the relational database. The derivation of the database is achieved
through a systematic transformation process, keeping track of the map-
ping between the successive versions of the schema. The generation of
the conceptual API exploits the mapping between the conceptual and
logical schemas. Database schema changes are propagated as conceptual
API regeneration so that application programs are protected against
changes that preserve the semantics of their view on the data. The pa-
per describes the application of the approach to the development of an
e-health system, built on a highly evolutive database.

1 Introduction

Data-intensive applications generally comprise a database and a collection of
application programs in strong interaction with the former. Such applications
constitute critical assets in most entreprises, since they support business ac-
tivities in all production and management domains. As any software systems,
they usually have a very long life, during which they are subject to continuous
evolution in order to meet ever-changing business and technical requirements.
The evolution of data-intensive applications is known as a highly complex,
expensive and risky process. This holds, in particular, when the evolution in-
volves database schema changes, which in turn impact on data instances and
application programs. Recent studies show, in particular, that schema evolu-
tions may have a huge impact on the database queries occuring in the programs,
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reaching up to 70% query loss per new schema version [I]. Evaluating the impact
of database schema changes on related programs typically requires sophisticated
techniques [2I3], especially in the presence of dynamically generated queries [4].
The latter also severely complicate the adaptation of the programs to the new
database schema [BJ6]. Without reliable methods and tools, the evolution of
data-intensive applications rapidly becomes time-consuming and error-prone.

This paper addresses the problem of automated co-evolution of database
schemas and programs. Building on our previous work in the field [7U89], we
present a comprehensive approach that supports the rapid development and the
graceful evolution of data-intensive applications. The proposed approach com-
bines the automated derivation of a relational database from a conceptual schema
and the automated generation of a data manipulation API that provides pro-
grammers with a conceptual view of that relational database. This conceptual
APT can be re-generated in order to mitigate the impact of successive schema
evolutions and to facilitate their propagation to the program level.

The remaining of the paper is structured as follows. Section 2] further analyzes
the problem of data-intensive application evolutions and specifies the objective
of our work. Section [ provides a detailed presentation of our approach. A set
of tools supporting the proposed approach are described in Section [l Section
discusses the application of our approach and tools to a real-life data-intensive
system. Concluding remarks are given in Section

2 Problem Statement

2.1 Database Engineering: The Abstraction Levels

Standard database design methodologies are built on a three level architecture
providing, at design time, a clean separation of objectives, and, at execution
time, logical and physical independence (Figure [ll). The conceptual design pro-
cess translates users functional requirements into a conceptual schema describing
the structure of the static objects of the domain of interest as well as the infor-
mation one wants to record about them. This schema is technology-independent
and is to meet semantic requirements only. The logical design process trans-
lates the conceptual schema into data structure specifications compliant with a
database model (the logical schema), such as the relational, object-relational or
XML models. Though it is not specific to a definite DBMS, the logical schema
is, loosely speaking, platform dependent. In addition, it is semantically equiva-
lent to the conceptual schema. The result of logical design is twofold: a logical
schema and the mapping betwen the later and its source conceptual schema.
This mapping defines how each conceptual object has been translated into log-
ical constructs and, conversely, what are the source conceptual objects of each
logical construct. Though mappings can be quite simple and deterministic for
unsophisticate and undemanding databases, they can be quite complex for ac-
tual corporate databases. Hence the need for rigorously defined mapping. The
physical schema specializes the logical schema for a specific DBMS. In particular,
it includes indexes and storage space specifications.
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Fig. 1. Standard database design processes

Application programs interact with the database through an external schema,
or view, generally expressed as a subset of the logical schema or as an object
schema mapped on the latter. In both cases, a mapping describes how the exter-
nal view has been built from the logical schema. The popular object-relational
mapping interfaces (ORM) store this mapping explicitly, often as XML data.

2.2 Dependencies between Schemas and Programs

Current programming architectures entail a more or less strong dependency
of programs on database structures, and particularly on the logical schema.
Changes in the logical schema must be translated into physical schema changes
and data conversion [7]. Most generally, they also lead to discrepencies between
the logical and external schemas, in such a way that the latters must be adapted.
In many cases, that is, when the changes cannot be absorbed by logical /exter-
nal maping adaptation, the client programs must be modified as well [I0]. This
problem is known as a variant of the query/view synchronization problem [I1].

As shown in [I2], the use of ORM’s does not solve the problem but may make
things worse, since both logical and external schemas can evolve in an asyn-
chroneous way, each at its own pace, under the responsibility of independent
teams. Severe inconsistencies between system components may then progres-
sively emerge due to undisciplined evolution processes.

In the context of this paper, we identify four representative schema modifica-
tion scenarios, by focussing on the schema that is subject to the initial change
(conceptual or logical) and its actual impact on client programsﬂ. Let CS, LS,
PS and XS denote respectively the conceptual, logical, physical and external
database schemas. Let M(CS, LS) and M(LS, X S) denote the conceptual/log-
ical and logical/external mappings, and let P be a program using X S.

! Existing taxonomies for schema evolution [I3J14] usually consider the reversibility
of the schema change and its potential impact on the programs.
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1. Change in C'S without impact on P. The conceptual schema CS un-
dergoes structural modifications that translate domain evolution (we ignore
refactoring changes). However, the modified conceptual constructs are out-
side the scope of the part of external schema XS that is used by program
P. Conceptually, this modification must be followed by the replay of the
logical design and view design processes, which yields new versions of logical
schema LS and mappings M(CS, LS) and M(LS, XS). Theoretically, this
evolution should have no impact on P. However, the extent to which this
property is achieved depends on two (1) the quality of the logical design
process and (2) the power of the logical/external mapping technology and
the care with which this mapping is adapted, be it automated or manual.

2. Change in C'S with impact on P. In this scenario, conceptual changes
cause the modification of the part of external schema XS used by P, in
such a way that no modification of mapping M(LS, X S) is able to isolate
program P from these conceptual changes. Accordingly, some parts of P
must be changed manually. Considering the current state of the art, the best
one can expect from existing approaches is the identification of those parts.

3. Change in LS with C'S unchanged. The logical schema LS is refactored
to better suit non functional requirements such as adaptation to another
platform, performance, structural quality, etc. As in scenario 1, this modifi-
cation requires replaying the logical design process and yields new versions
of LS, M(CS,LS) and M(LS, XS). Automatic program adaptation has
proved tractable through co-transformation techniques that couple schema
and program transformations [15/9J6].

4. Change in PS with C'S and LS unchanged. Such a modification is fully
controlled by the DBMS and has no impact on program P, which, at worst,
could require recompilation.

Our proposal aims to address the evolution problems posed by scenarios 1, 2
and 3 via a tool-supported programming architecture that allows programs to

Application
program

Application
program

relational schema —— conceptual schema —

! !

conceptual/relational

relational schema

!

RDB data

Fig. 2. Programs interact with a logical (left) or a conceptual (right) database
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interface with the database through an external conceptual view instead of a log-
ical view (Figure[2). This architecture provides logical independence in scenarios
1 and 3 by encapsulating mappings M(CS, LS) and M(LS, X S) into an API
automatically generated by an extension of the DB-MAIN CASE tool. In sce-
nario 2, the identification of the program parts that must be changed is carried
out by the recompilation process driven by the strong typing of the API. Though
seeking full automation would be irrealistic, the approach provides a reliable and
low cost solution that does not require high skills in system evolution.

3 Approach

The approach proposed in this paper relies on a generic representation of schemas,
and on a formal definition of schema transformations and schema mappings. It
consists in automatically building a schema mapping during the logical design
process, in order to use such a mapping as input for (re)generating a conceptual
data manipulation API to the relational database.

3.1 Generic Schema Representation

The approach deals with schemas at different levels of abstraction (conceptual,
logical, physical) and relying on various data modeling paradigms. To cope with
this variety of models, we use a large-spectrum model, namely the Generic
Entity-relationship model [I6], or GER for short. The GER model is an extended
ER model that includes most concepts of the models used in database engineering
processes, encompassing the three main levels of abstractions, namely concep-
tual, logical and physical. In particular, it serves as a generic pivot model between
the major database paradigms including ER, relational, object-oriented, object-
relational, files structures, network, hierarchical and XML. The GER model has
ben given a formal semantics [16].

3.2 Transformational Schema Derivation

Most database engineering processes can be modeled as chains of schema trans-
formations (such a chain is called a transformation plan). A schema transfor-
mation basically is a rewriting rule T that replaces a schema construct C' by
another one C’ = T'(C). A transformation that preserves the information capac-
ity of the source construct is said semantics-preserving. This property has been
formally defined and its applications have been studied in [16]. In the context
of system evolution, schema transformations must also specify how instances of
source construct C' are transformed into instances of C”.

The logical design process can be described as follows: we replace, in a concep-
tual schema, the ER constructs that do not comply with the relational model
by application of appropriate schema transformations. We have shown in [16]
that (1) deriving a logical (relational) schema from an ER schema requires a
dozen semantics-preserving transformations only and that (2) a transformation
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plan made up of semantics-preserving transformations fully preserves the seman-
tics of the conceptual schema. The transformations on which a simple relational
logical design process relies includes the following : transforming is-a relations
into one-to-one rel-types, transforming complex rel-types into entity types and
functional (one-to-many) rel-types, transforming complex attributes into entity
types, transforming functional rel-types into foreign keys. A transformation plan
should be idempotent, that is, applying it several times to a source schema yields
the same target schema as if it was applied only once.

The transformational approach to database engineering provides a rigorous
means to specify forward and backward mappings between source and target
schemas: the trace (or history) of the transformations used to produce the target
schema. However, as shown in [7], extracting an synthetic mapping from this
history has proved fairly complex in practice. Therefore, we will define in the
next sections a simpler technique to define inter-schema mappings.

3.3 Schema Mapping Definition

Let C be the set of GER schema constructs. Let S be the set of GER schemas.

Definition 1 (Schema). A schema S € S is a non empty set of schema con-
structs : S ={C1,Cy,...,Cr} :Vi:1<=i<=n:C; €C.

We assume that each schema construct C' € C belongs to at most one schema :
V517SQ €S:95 755225105220.

Definition 2 (Construct mapping M.). A construct mapping M. = (V, &)
is an hypergraph consisting of vertices ¥V = {C; € C} representing schema con-
structs, and hyperedges € = {e; € 2V}, each representing a mapping relationship
between the schema constructs it connects.

Definition 3 (Schema mapping M;). A schema mapping Ms(S1,S2) =
(V, &) between two schema S1,S2 € S is a sub-hypergraph of M. where:

— VYV C 51 U8, each vertice corresponds to either a construct of S1 or of Sa;
— Ve e &:enSy # DAenSy # B, each hyperedge connects at least one construct
of S1 to at least one construct of Ss.

Note that the above definition of schema mapping is very generic. First, it allows
many-to-many and multi-schema mappings to be defined. Second, it does not
make any further assumptions regarding the meaning of the mapping relation-
ships. In this paper, the schema mapping represents an ancestor-child relation-
ship between conceptual and relational constructs.

Definition 4 (Schema mapping transitivity). A set of schema mappings
defined over a set of schemas I' C 2% is transitive when ¥Si,S2,83 € I :
(Je1 € edges(Ms(S1,52)) A Jes € edges(My(S2,S3)) Aep Nex #B) = Tez €
edges(Ms(S1,53)) : e3 = (e1 N S1) U (e2 N S3).
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When schema mapping transitivity does not hold explicitly, one may need to
derive indirect mappings through schema mapping composition [17]. Starting
from a schema mapping over schemas S; and Sy (M;(S1,S2)) and a mapping
over schemas Sy and S5 (M (S, S3)) , the goal of such a composition is to derive
an equivalent mapping over S; and S5 (M(S1,S3)). In this paper, mapping
transitivity is garanteed through a mapping propagation technique described in
the next section.

3.4 Schema Mapping Propagation

Considering that a transformation process involves a chain of successive versions
of a schema Sp, 5o, - -, Sy, the goal of mapping propagation is to guarantee that,
at the end of the process, the mapping between the source and target schemas
M (51, Sy) corresponds to the composition of the mappings between the suc-

cessive schema versions M(S1,52),..., Ms(Sn—1,S5,). In other words, after k
transformations applied to the source schema Sy, the set of schema mappings
defined over the set of schemas {S1, 52, -+, Sk+1} must be transitive.

As defined above, a schema mapping is represented through a static many-to-
many relationship from the constructs of one of the schemas to those of the other.
In our approach, each source object includes a (set of) mapping identifier(s)
(also called a stamp) that is transmitted to all the target objects that derive,
directly or indirectly, from it. Suppose that we have a source schema S; and a
target schema Sy. Sy results from the transformation of S; according to a given
transformation process T: So = T'(S1). The mapping propagation process then
relies on the following principles:

— Before executing the transformation process (T'), each object of S; receives
a proper mapping identifier, that is, a stamp that is not inherited.

— The transformations applied on objects of S; propagate automatically the
mapping information to the resulting objects of Sy in the form of inherited
mapping identifier. It is a copy of the proper mapping identifier if the object
of S has a proper stamp only.

— If the source object has received inherited stamps through a previous trans-
formation, then the inherited stamps are copied instead.

— If one object is transformed into several objects (as is the case for the instan-
tiation transformation of a multivalued attribute into a list of single-valued
attributes), the target objects all 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 all the source objects.

By examining the S; and S5 objects that share the same mapping identifiers, an
analyzer can infer which transformations have been applied. Mapping propaga-
tion and analysis must help database engineers to achieve such tasks as evolution,
migration, view derivation and integration. In this paper, the propagated schema
mapping serves as a basis for the automatic generation of a conceptual database
manipulation API.
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Fig. 3. Propagation of mapping identifiers through two successive transformations

Figure [ illustrates the mapping propagation process. In this case, the proper
mapping identifier (mid: 123) of rel-type written is propagated through two suc-
cessive transformations. In the first step, the many-to-many rel-type written
between AUTHOR and BOOK is transformed into an entity type WRITTEN. This
semantics-preserving transformation creates also two one-to-many rel-types (wa
between AUTHOR and WRITTEN, wb between BOOK and WRITTEN). The initial map-
ping identifier of rel-type written is inherited by entity type WRITTEN and rel-
types wa and wb (mid’:12%). In the second step, the one-to-many rel-types wa
and wb are transformed into referential constraint (concept that represents for-
eign keys in relational model). This transformation preserves also the semantic
of original schema. The inherited mapping identifiers of one-to-many rel-types
are propagated to the equivalent foreign keys Aut-id and Book-id of WRITTEN.

3.5 API Generation

The formal mapping between the conceptual and relational schema allows the
automatic generation of a conceptual data manipulation API. The generated API
provides a natural and platform-independent view of the relational database. In
this section, we present the principles on which the API generation process relies.

Class hierarchy. The generated API aims at providing application programs with
a conceptual view of the relational database. Consequently, the mapping between
the conceptual schema and the class hierarchy of the API is straithforward. Each
entity type E belonging to the conceptual schema corresponds to a public Java
class F in the generated API. Each attribute A of E corresponds to an instance
variable A of class E. Similarly, each at-most-one role played by E translates
into one instance variable of the class associated with F.
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In the presence of is-a relationships (e.g., F2 is-a Fi), an equivalent class
hierarchy is produced (e.g., public class Es extends Fj). In this paper, we
assume that each is-a relationship of the conceptual schema corresponds to a
partition. That is, the set of supertype instances is equivalent to the union of
the sets of the sub-type instances (totality), and the sets of sub-type instances
are disjoint.

Data navigation. The API offers two main ways of navigating the data: by entity
type and by relationship type. The corresponding methods are summarized in
Table[l Since we only consider partition-based isa-hierarchies, all the objects re-
turned by the API to the client applications are full objects that are constructed
from a particular leaf of the class hierarchy. This allows the client applications
to down-cast the resulting object to a certain sub-level class whenever needed.

Table 1. Data navigation through the conceptual API

Navigation type Method signature Result description
By entity type Vector<E> getAllE() all the instances of entity
£ type E
Id E getEById(IdType 1d) the instance of entity
id:1d type E having Id as
identifier value
By one-to-one E> Eq.getEsViaR() the instance of Ey asso-
relationship type ciated with a given in-
stance of F through R
E1 Fo-1 1-1{ E2
- @ - E1 E;.getE ViaR(Q) the instance of E; asso-

ciated with a given in-
stance of Fy through R
By one-to-many Ey Es.getE 1 ViaR() the instance of E4 asso-
relationship type ciated with a given in-

stance of F> through R
E1 FO-N 1-1q E2
@ Vector<FEy> Fi.getAllE>ViaR() all the instances of Es as-
sociated with a given in-
stance of Fp through R

By many-to-many Vector<FE:1> Fy.getAllE ViaR() all the instances of E as-
relationship type sociated with a given in-

tance of Fy through R

E1 [O-N 0N E2 S 2 g

@ - Vector<FEy> Fi.getAllE>ViaR() all the instances of Es as-
sociated with a given in-
stance of F through R

Data modification. Each generated class E also provides the client applications
with data modification methods, allowing (1) to insert a new instance of F in the
database, (2) to update the value of each conceptual attribute of a given instance
of E, (3) to connect/disconnect an instance of E according to each relationship
type in which E may play a role, and (4) to delete an instance of E.
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The insertion of an entity type instance is implemented in two steps. First,
the object is created via its constructor, which may necessitate the recursive in-
vocation of supertype constructors. Second, the internal store method is called.
This method allows the insertion of a new row in each table associated with the
entity type hierarchy, starting from its root (recursive call to the store method
of the supertype). The arguments of the insert method for a given entity type
E consist of all the (inherited) conceptual attributes of E and all the mandatory
at-most-one roles (indirectly) played by E. The method returns an object of
class F that corresponds to the inserted instance.

Updating an attribute value is implemented as a simple update query. The
value of optional attributes can be set to null. The same holds for each at-most-
one role that can be played by the associated entity type: disconnection is only
allowed if the role is optional.

The delete method is in charge of discarding a particular entity type instance
e from the database. The delete process, which relies on the delete cascade mech-
anism, involves two steps. First, all the entity type instances associated to e are
either (recursively) deleted or disconnected (depending on the relationship cardi-
nalities). Second, the table row(s) representing e are removed from the database,
starting from the leafs of the hierarchy.

3.6 Schema Evolution Revisited

The approach proposed in this paper has been considered so far as a means
to rapidly develop data-intensive applications. Let us now further examine the
advantages of this approach in the context of schema evolution, by revisiting the
three schema evolution scenarios identified in Section 2l as problematic:

1. Change in C'S without impact on P. Our approach to logical design
based on an idempotent schema transformation plan allows the automatic
derivation of a new logical schema LS’ from the new C'S’, and the automatic
adaptation of the mapping between them. Although the existing programs
are not impacted by the schema evolution, regenerating the conceptual API
allows one to immediatly replay the view design process such that new client
programs can be more easily developed.

2. Change in C'S with impact on P. In this second scenario, the conceptual
modifications concern a schema part that is used by the existing programs.
The new conceptual schema C'S’ must then be translated in a new relational
schema LS’. Without our conceptual API, this would necessitate to (man-
ually) rewrite all the SQL queries that access the tables of LS subject to
evolution in LS’. According to our approach, this task can be done auto-
matically by simply regenerating the conceptual API. However, the client
applications still need to be adapted to the new API, but the source code
locations where adaptation should take place can be statically detected by
the Java compiler. This would not have been the case with client applications
directly accessing the relational database by means of dynamically generated
SQL queries.
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3. Change in LS with CS unchanged. This scenario only requires the re-
generation of the conceptual API, and is fully transparent for the client
applications. Indeed, refactorings applied to the logical schema LS theoreti-
cally allow the M (CS, LS) mapping to be automatically adapted, and thus
the conceptual API to be regenerated with no impact on the client programs
(the API method signatures remain unchanged).

4 Tool Support

The approach presented in this paper is supported by a set of tools developed in
DB-MAIN [I§], a generic modeling tool dedicated to database applications engi-
neering, and in particular to database design, reverse engineering, re-engineering,
integration, maintenance and evolution. DB-MAIN offers general functions and
components that allow the development of sophisticated processors supporting
the mapping management. It provides the user with a toolbox of more than 25
schema transformations sufficiently rich to encompass most database engineering
processes. These transformations are designed to propagate mapping identifiers
from source to target objects and, therefore, to automatically construct the map-
ping between different schemas.

The conceptual API generator is implemented as a Java plugin of DB-MAIN,
that consists of about 3500 lines of code. The generator takes as inputs (1) a
conceptual schema, (2) a logical relational schema, and (3) the mapping between
the two schemas. It generates as output a set of dedicated Java classes allowing
client applications to manipulate the relational database in a conceptual and
transparent manner.

5 Case Study

The tool-supported approach presented in this paper has been recently applied
to the development of the Gisele system. Gisele is a project devoted to the mod-
eling and validation of clinical pathways [19]. The database of the system stores
pathway models, their successive versions and revisions, their executions (cases),
resources description, access control models, organizational and information en-
tities description, goals and validation procedures and results. This database
being in constant evolution, special attention has been paid to minimizing the
impact of schema evolution on client programs.

Table 2 provides some statistics about both the conceptual and logical schema
of the Gisele system. The conceptual schema is made up of 49 entity types, 60
attributes and 63 relationship types (mostly one-to-many). Some entity types
are organized in is-a hierarchies of a maximal depth of 4. The logical relational
schema was automatically derived from the conceptual schema using our trans-
formation plan for relational schema design [16]. The resulting logical schema
contains 58 tables, 207 columns and 107 foreign keys. Those statistics reveal
that the mapping M (CS, LS) that holds between the conceptual and the logi-
cal schema is quite complex in this case study.
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Table 2. Schema statistics of the Gisele system

Schema construct Conceptual schema Logical schema
# of entity types 49 58
# of is-a relationships 10 -
# of attributes 60 207
# of relationship types 63 -
# of one-to-one relationship types 1 -
# of one-to-many relationship types 53 -
# of many-to-many relationship types 9 -
# of foreign keys - 107

Starting from those two schemas and the mapping between them, our gener-
ator produced a comprehensive API made up of 50 java classes, and totalling
more than 20 thousands lines of code. This API has been systematically and
successfully tested by means of several client applications, which in turn were
automatically generated from the conceptual schema.

Since its initial version in October 2009, the conceptual schema of Gisele
has been subject to multiple evolutions. Indeed, this schema is composed of a
quite stable kernel, on top of which additional dimensions have been succes-
sively introduced. The kernel models the main standard concepts of workflow
specifications, like processes, sequence flows, message flows, etc. The additional
dimensions introduce such notions as time, resources and evolution.

The API generator proved very convenient when adapting existing Gisele ap-
plications to the successive versions of the conceptual schema. A large part of
the evolutions were additive, and therefore, had no impact at all on the client
programs. Some schema evolutions caused the mapping between the conceptual
and logical schemas to be changed. Regenerating the API allowed us to make
such evolutions fully transparent for the existing client applications. Finally,
a few conceptual modifications actually impacted on the client programs (up-
dated attribute/names, new mandatory attributes/roles). In the latter case, the
presence of the conceptual API allowed the Java compiler to statically detect
inconsistencies between client applications and the new conceptual schema.

6 Conclusions

This paper has briefly described a system architecture the goal of which is to
ease the development and maintenance of evolving data-intensive applications.
Though the Gisele experiment is not quite complete at the present time, we can
already draw useful conclusions.

— Programming with the conceptual API proves easier than with JDBC. In
particular, based on a static query interface, the source code is more expres-
sive and easier to maintain. In addition, it allows static error detection (in
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particularly inconsistencies between logical and external schemas) at com-
pile time. This advantage is not surprising, since it is one of the motivations
of such languages as SQLJ [20] (SUN) and LINQ [21] (Microsoft).

— The architecture offers the same advantages as data wrappers [8]. For in-
stance, the code of the API methods can include code devoted to additional
services such as access control or statistics collection.

— The approach is not limited to relational DBMS. It can be used to integrating
other data managers into a unique abstract data model.

— As compared with current Object/Relational Mapping (ORM) middlewares,
the proposed approach automatically maintains the consistency between the
logical (e.g., relational) and external schemas.

— Due to the simplicity of the data model API, building higher-level abstract
objects on the conceptual schema is both easy and reliable. For instance, in
the Gisele system, we have defined objects PATHWAY and CASE on top of
the Gisele API.

We anticipate two main directions for future work on this topic. First, we intend
to further evaluate the usability and scalability of our approach based on addi-
tional real-life experiments. Second, we would like to explore the extension of
our methodology to other evolution scenarios as schema integration or database
platform migration.

Acknowledgments. Anthony Cleve is supported by an ERCIM “Alain Ben-
soussan” Fellowship Programme. Partial support was received from the Belgian
Région Wallonne (GISELE project), from the IAP Programme of the Belgian
State, Belgian Science Policy (MoVES project), and from the Ministry of Higher
Education and Research, Nord-Pas de Calais Regional Council and FEDER
(CPER 2007-2013).

References

1. Curino, C.A., Moon, H.J., Tanca, L., Zaniolo, C.: Schema evolution in wikipedia:
toward a web information system benchmark. In: International Conference on En-
terprise Information Systems (ICEIS), pp. 323-332 (2008)

2. Karahasanovic, A.: Supporting Application Consistency in Evolving Object-
Oriented Systems by Impact Analysis and Visualisation. PhD thesis, University
of Oslo (2002)

3. Maule, A., Emmerich, W., Rosenblum, D.S.: Impact analysis of database schema
changes. In: Proceedings of the 30th international conference on Software engineer-
ing (ICSE 2008), pp. 451-460. ACM Press, New York (2008)

4. Cleve, A., Hainaut, J.L.: Dynamic analysis of sql statements for data-intensive
applications reverse engineering. In: Proceedings of the 15th Working Conference
on Reverse Engineering, pp. 192-196. IEEE, Los Alamitos (2008)

5. Curino, C., Moon, H.J., Zaniolo, C.: Graceful database schema evolution: the prism
workbench. Proceedings of the VLDB Endowment 1(1), 761-772 (2008)

6. Cleve, A.: Program Analysis and Transformation for Data-Intensive System Evo-
lution. PhD thesis, University of Namur (October 2009)



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

A Conceptual Approach to Database Applications Evolution 145

. Hick, J.M., Hainaut, J.L.: Database application evolution: A transformational ap-

proach. Data & Knowledge Engineering 59, 534-558 (2006)

. Thiran, P., Hainaut, J.L., Houben, G.J., Benslimane, D.: Wrapper-based evolution

of legacy information systems. ACM Trans. Software Engineering and Methodol-
ogy 15(4), 329-359 (2006)

. Cleve, A., Hainaut, J.L.: Co-transformations in database applications evolution.

In: Ladmmel, R., Saraiva, J., Visser, J. (eds.) GTTSE 2005. LNCS, vol. 4143, pp.
409-421. Springer, Heidelberg (2006)

Hainaut, J.L., Cleve, A., Henrard, J., Hick, J.M.: Migration of legacy information
systems. In: Software Evolution, pp. 105-138. Springer, Heidelberg (2008)
Rundensteiner, E.A., Lee, A.J., Nica, A.: On preserving views in evolving envi-
ronments. In: KRDB. CEUR Workshop Proceedings, CEUR-WS.org, vol. 8, pp.
13.1-13.11 (1997)

Hainaut, J.L.: Legacy and future of data reverse engineering. In: Proceedings of
the 16th Working Conference on Reverse Engineering (WCRE 2009), p. 4. IEEE
Computer Society, Los Alamitos (2009)

Shneiderman, B., Thomas, G.: An architecture for automatic relational database
sytem conversion. ACM Trans. Database Syst. 7(2), 235-257 (1982)

Roddick, J.F., Craske, N.G., Richards, T.J.: A taxonomy for schema versioning
based on the relational and entity relationship models. In: Elmasri, R.A., Koura-
majian, V., Thalheim, B. (eds.) ER 1993. LNCS, vol. 823, pp. 137-148. Springer,
Heidelberg (1994)

Visser, J.: Coupled transformation of schemas, documents, queries, and constraints.
Electronic Notes in Theoretical Computer Science 200(3), 3-23 (2008); Proceedings
of the 3rd International Workshop on Automated Specification and Verification of
Web Systems (WWV 2007)

Hainaut, J.L.: The transformational approach to database engineering. In: Ldmmel,
R., Saraiva, J., Visser, J. (eds.) GTTSE 2005. LNCS, vol. 4143, pp. 95-143.
Springer, Heidelberg (2006)

Bernstein, P.A., Green, T.J., Melnik, S., Nash, A.: Implementing mapping compo-
sition. In: VLDB 2006: Proceedings of the 32nd international conference on Very
large data bases, VLDB Endowment, pp. 55-66 (2006)

DB-MAIN: The DB-MAIN official website (2010), http://www.db-main.be
Damas, C., Lambeau, B., Roucoux, F., van Lamsweerde, A.: Analyzing critical
process models through behavior model synthesis. In: Proceedings of the 31st In-
ternational Conference on Software Engineering (ICSE 2009), pp. 441-451. IEEE,
Los Alamitos (2009)

Clossman, G., Shaw, P., Hapner, M., Klein, J., Pledereder, R., Becker, B.: Java and
relational databases: SQLJ (tutorial). In: Proceedings of the 1998 ACM SIGMOD
International Conference on Management of Data (1998)

Meijer, E., Beckman, B., Bierman, G.M.: Linqg: reconciling object, relations and
xml in the .net framework. In: Proceedings of the ACM SIGMOD International
Conference on Management of Data, p. 706. ACM, New York (2006)


http://www.db-main.be

	A Conceptual Approach to Database Applications Evolution
	Introduction
	Problem Statement
	Database Engineering: The Abstraction Levels
	Dependencies between Schemas and Programs

	Approach
	Generic Schema Representation
	Transformational Schema Derivation
	Schema Mapping Definition
	Schema Mapping Propagation
	API Generation
	Schema Evolution Revisited

	Tool Support
	Case Study
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




