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Abstract

The OMG’s Model-Driven Architecture is quickly at-
tracting attention as a method of constructing systems that
offers advantages over traditional approaches in terms of
reliability, consistency, and maintainability. The key con-
cepts in the MDA are models that are related by model
transformations. However, for the MDA to provide an ade-
quate alternative to existing approaches, it must offer com-
parable support for software engineering processes such as
requirements analysis, design and testing. This paper at-
tempts to explore the application of the last of these pro-
cesses, testing, to the most novel part of the MDA, that of
model transformation. We present a general view of the
roles of testing in the different stages of model-driven devel-
opment, and a more detailed exploration of approaches to
testing model transformations. Based on this, we highlight
the particular issues for the different testing tasks, includ-
ing adequacy criteria, test oracles and automatic test data
generation. We also propose possible approaches for the
testing tasks, and show how existing functional and struc-
tural testing techniques can be adapted for use in this new
development context.

1 Introduction

In 2001 the Object Management Group (OMG) intro-
duced the Model-Driven Architecture (MDA) [19] as the
framework for its future standardisation efforts. Since this
time, the idea has been widely discussed as an emerging
technique for the development of large-scale software sys-
tems.

In essence, MDA proposes a move away from human in-
terpretation of high-level models, such as design diagrams,
into implementations, towards a more automated process
where the models are used as first-class artifacts of the de-
velopment process.

This potentially represents a significantly different ap-
proach to the development of software systems, a practice
that has become increasingly well understood over time.
However, while much work has been done on techniques for

using MDA for software development, there remain many
challenges for the process of software validation, and in par-
ticular software testing, in an MDA context.

In MDA, the most important behavioural artifact, and
thus the most important artifact from a testing perspective,
is that of the model transformation, which describes a re-
lationship between two or more models. Therefore, model
transformations are the key to automating the transition be-
tween models and from models into other forms, such as
code. MDA makes many promises about providing a more
efficient, more consistent, and more reliable approach to
software development, but this can only be true if the model
transformations behave like they are specified.

There are a number of limitations in using existing test-
ing techniques to test model transformation programs. The
data structures used by model transformations are complex,
and generating test data using traditional techniques is un-
wieldy and inefficient. Thus, in the same way that test-
ing techniques have been adapted to suit the emergence of
object-oriented programming, the adaptation of techniques
to better suit model-driven engineering will also allow for
better and more appropriate methods of validation. For
example, MDA has normalized the languages for defining
models and meta-models, and this allows for the develop-
ment of generalized tools and techniques for testing systems
that previously had no commonly understandable definition.

This document is organized as follows. Firstly, section
2 briefly recalls some background on MDA and presents
how model transformation programs are specified and im-
plemented. Then, section 3 details the motivations of this
work and the problems related to testing model transfor-
mations. Section 4 presents an adaptation of existing test-
ing techniques to the model-oriented context and proposes
a functional test adequacy criterion for the validation of
model transformation programs. Section 5 then investigates
a white-box refinement of this criterion. Section 6 details
two automated test data generation techniques based on a
systematic and an evolutionary algorithm to cover the previ-
ously proposed test criterion. Section 7 details some related
works on MDA and testing and, finally, section 8 concludes
this document.



2 Background on MDA

The goal of MDA is to move away from the traditional
role of UML diagrams as blueprints for conversion into soft-
ware by programmers, to a situation in which the models are
used as first-class development artifacts that are automati-
cally mapped to other models and to system code. Thus,
MDA presents a more general view of systems composed
of models, the relationships between them, in addition to
technology mappings, such as code generators, where the
connections between these elements are managed automat-
ically.

As it was the primary motivation behind MDA, the do-
main of software development remains the principal appli-
cation of MDA. This application is often referred to as MDE
(Model Driven Engineering) [7], and its principles are rep-
resented in Figure 2, where the artifacts marked "M" are
models, those marked "L" are languages, "T" are transfor-
mations, and "S" are specifications. So, after the developer
has created a design in the form of a series of models, she
then uses model transformations to successively refine these
models, and eventually to translate them into code. The
transformations are developed in some transformation lan-
guage (which forms part of an overall MDA framework),
and are written by a transformation developer, who may or
may not be the same as the software developer. In this way,
the development load has been split between the software
developer and the transformation developer.

To validate the systems being developed, the software
developer (transformation user) may use existing tech-
niques, since in the end her software is implemented using
existing technologies. However, she can gain even more
confidence in her system by ensuring that the model trans-
formations, which she has used in creating her system, are
also validated. Thus, in the same way that the use of trans-
formations can assist the process of developing the soft-
ware, validating the transformations can assist the process
of validating the software.

The following sections present a more thorough exami-
nation of the definitions of models, meta-models and model
transformations. This includes the presentation of an exam-
ple that will be used throughout the paper.

2.1 Models and meta-models

A model is a collection of objects and relationships be-
tween the objects that, together, provide a representation of
some real system. For example, a simple relational database
schema of tables and columns, such as the one in (1) of
Figure 3, might be represented as objects representing the
tables and objects representing the columns, with contain-
ment relationships between the table objects and the column
objects. Such a model is shown in (2) of Figure 3.
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Of course, not all models are the same. For example,
object-oriented models are expressed not using tables and
columns, but using packages, classes and attributes. So
an object-oriented system such as the one described by the
UML diagram in (3) of Figure 3, can be represented by ob-
jects such as those shown in (4).

This represents a difference in modeling languages. The
database schema is described using a modeling language
with concepts of table and column, whereas the OO schema
is described using a modeling language such as UML with
concepts of class, attribute and package. Beginning with
these terms, we can define a model to describe each model-
ing language, with classes for each of the terms used in the
modeling language. These models of modeling languages
are called meta-models. Figures 1 and 4 show the meta-
models of the UML and RDBMS models presented earlier,
simplified for demonstration purposes.

Of course, these meta-models must also be described
by some language and, in MDA, this language is that of
the Meta-Object Facility (MOF) [13]. As a language, the
MOF very closely resembles UML class modeling, with
packages, classes, attributes and associations. The relation-
ship between the MOF, meta-models, and models, is com-
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(1) Sample database schema (2) Sample database schema model
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Figure 3. Sample RDBMS and O-O models
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monly depicted using the meta-stack diagram shown in fig-
ure 5, showing the 3 “meta-levels”, M3, M2 and M1. Like
any language in MDA, MOF is described by a MOF meta-
model, and thus it is self-describing. This self-description
is analogous to defining an EBNF grammar for describing
EBNEF, and prevents an endless progression of meta-layers
going up the meta-stack.

2.2 Model transformations

Obviously, the UML and RDBMS models presented in
Figure 3 are related. In fact, it is easy to imagine that
one has been generated from the other. Such a genera-
tion process can be described by a model transformation.
Model transformations describe relationships between two
or more models, by defining relations between elements in
their meta-models. So, in this case, there is a relation be-
tween a UML Class and a RDBMS Table, where the names
of the respective objects must be the same.

A model transformation (MT) is, essentially, a specifi-
cation for a model transformation program. Model trans-
formation programs (MTPs) take models and ensure that
the elements in the models correspond to the relations de-
fined by a certain model transformation. There are a num-
ber of languages used for defining model transformations
and model transformation programs.

Model transformation programs are generally imple-
mented either using general-purpose programming lan-
guages such as Java, using domain-specific programming
languages such as extensions of OCL [17], or using a trans-
formation engine based on rule evaluation. Generally, trans-
formation programs are exposed using an operation inter-
face, with typed parameters, and possibly return types and

exceptions.

Languages for defining model transformations [10] are
generally declarative, and include approaches based on re-
lations [1], or those based on patterns of logical constraints
[9]. In 2001, the OMG issued a Request for Proposals
[14] for a standardized language for defining model trans-
formations. A wide variety of languages have been pro-
posed, from imperative languages to rule-based logic-like
languages, and hybrids of the two. The process of settling
on a single language is progressing slowly, but the form of
such a standard is unknown at the time of writing.

At the minimum, it is expected that transformations will
be specified as operations with OCL [15] pre- and post-
conditions. We will use this form of specification as the ba-
sis for the specification of model transformations through-
out this document. It is likely that a more structured lan-
guage will eventually emerge as a standard, but we feel that
techniques developed for testing against specifications writ-
ten in this general language will apply equally, and probably
more easily, to more structured specifications. The follow-
ing section presents an example model transformation from
UML class models to RDBMS database schemas, specified
using this OCL-based language.

2.3 The UML to RDBMS transformation

This is a classical and simple example of a model trans-
formation. From a UML model, it creates tables and
columns in a relational database model to handle the persis-
tence of the object model. In the UML model, some classes
are tagged as persistent. For each of these classes, a table
having the same name is created in the DB and, for each
attribute of the class, a column is created. Figure 6 presents
a specification for this transformation as it would be written
according to the MDA paradigm.

In this example, the specification of the model transfor-
mation is close to the specification of an operation: a de-
scription, parameters and pre and post condition.

- Description: The first element of specification is a tex-
tual description of the model transformation. This descrip-
tion is usually written in natural language and documents
the transformation.

- Parameters: The transformation, as any operation, has
a set of parameters. Each of these parameters has a di-
rection: in, out, or infout. The types of these parame-
ters can be either simple (e.g. string, integer) or complex:
"MOF:Extent". In fact, in the context of the MOF, "extents"
are the top level model container. Extents are not typed and
an extent can contain model elements instantiated from var-
ious meta-models. In the specification presented Figure 6,
the transformation has two parameters: "in UMLModel"
and "in/out RDBMSModel" both defined as extents (i.e.
models). The type of model elements that each parame-
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Figure 6. The OO2RDBMS transformation

ter may contain has been specified as documentation notes:
The parameter UMLModel may be a UML model (i.e. in-
stances of the UML meta-model) and the RDBMSModel
parameter may be an RDBMS model.

- Pre-condition: In addition to parameters, the specifica-
tion contains pre and post conditions expressed using OCL.
The precondition expresses constraints on the input param-
eters of the transformation in order to specify the valid input
data of the transformation. In the example presented in Fig-
ure 6, the precondition states that names of the classes of
the UML model given as input must be unique.

- Post-condition: The post-condition specifies the effect
of the transformation by linking input parameters and out-
put parameters. For the UML2RDBMS transformation, it
states that for each non-abstract class tagged "CMP" in the
UML model, a corresponding table (same name) exists in
the RDBMS model, and for each attribute of the class a cor-
responding column (same name) exists in the table.

3 Testing Model transformations

In the context of model-driven engineering (MDE), en-
suring the correctness and reliability of MTPs is a key
point. In the MDA paradigm model transformation pro-
grams (MTPs) are designed and implemented to be used
and reused by a number of clients in various contexts. Thus,
as with any software component, the implementation of
a MT has to be consistent with respect to its specifica-
tion/documentation. Today, the easiest and most common
form of validation remains testing. In practice, the benefit

of an adequate testing process, especially for components
designed to be reused by a number of clients, is three-fold
[12]:

1. Detect errors in the implementation. This is the pri-
mary goal of testing.

2. Complete the specification/documentation. Unspeci-
fied observed behaviour may be due to an incomplete spec-
ification.

3. Qualify the component. Testing allows the tester (and
the user) to acquire a certain confidence in the implementa-
tion.

In practice, all of these aspects and the quality of the test-
ing process strongly depend on the test adequacy criterion
that is being used. Typically, two kinds of criteria are dis-
tinguished, on one hand white-box (or structural) criteria,
which are based on the structure of the implementation, and
on the other hand black-box (or functional) criteria, which
are based on the specification. Once an appropriate test cri-
terion is designed, it can be used as a basis to write or gener-
ate test data. The program can then be executed with these
test data and an oracle function determines if the obtained
results match the expected results.

As explained in section 2, a MT is implemented as a reg-
ular program. As such, one can argue that it may be de-
signed, implemented and tested as any other program. How-
ever, there are a number of reasons to suggest that the test-
ing of MTPs will benefit from the modification of existing
techniques to better suit the problem. These reasons are the
same as those that lead people to design specific languages
for MTPs such as those mentions in section 2.

The first reason is that the increase in the level of ab-
straction makes existing techniques difficult to apply. For
instance, a MTP manipulates complex data structures (mod-
els), which makes existing programming languages and test
techniques hard to use. In the context of testing, in par-
ticular, many test data generation techniques focus on the
generation of simple data and are consequently not directly
applicable to the generation of models. Thus, in the same
way that functional testing techniques have been adapted to
the OO paradigm [8], testing techniques must now be de-
fined for the emergent Model-Oriented paradigm.

The second reason is that MTPs share many common
properties. This allows the design of specific languages and
testing techniques for their definition and validation, respec-
tively. For example, the models manipulated by a MTP
are typically described by meta-models. As discussed in
the following sections of this paper, the use of these meta-
models can be a way of defining test criteria.

The following sections discuss, using the example of the
OO2RDBMS transformation introduced in section 2, the
limitations of some existing testing techniques, and present
ideas to define test techniques better suited to the validation
of MTP.



4 Functional Criteria

As functional testing techniques [6] consider the pro-
gram under test as a black-box, they have the advantage
of being independent from the implementation language.
However, they strongly depend on the way the program un-
der test is specified. Numerous testing techniques exist, for
testing with formal specifications such as SDL and B, and
for less formal languages such as UML use-case and se-
quence diagrams. As discussed in section 2.2, for MTPs,
a top-level specification formalism can be reasonably used
even if it has not yet been normalized : data structures are
described as meta-models and transformations as operations
with pre- and post- conditions (see Figure 6).

This section investigates the definition of a test criterion
that takes advantage of this formalism to allow the selection
of test data (i.e. input models) for MTPs, based on a cov-
erage criterion on the input meta-model/s. This coverage
criterion is inspired by existing testing techniques such as
partition analysis [16] and UML-based testing [2]. Then, to
improve the efficiency of this coverage criterion, the notion
of an effective meta-model is introduced, being the part of
a meta-model that is effectively used by MTP.

4.1 Meta-model coverage

Typically, the main difference between a MTP and a
classical program is the complexity of its input data and
the fact that the structure of that data is described by meta-
models. In fact, a MT specification is a data-centric view
of a program whereas most of the time, classical specifi-
cation langages like SDL or UML state charts present a
control-centric view of the program. The idea proposed in
this section is to use MT specifications (meta-models and
constraints) to define a data-centric test adequacy criterion
based on the data-centric technique known as partition anal-
ysis [16] and on the adaptation of a UML-based test criteria
defined in [2].

4.1.1 Partition analysis

Partition analysis was first proposed by Ostrand et al. in
[16]. It consists of dividing the input domain of the pro-
gram (or function) under test into several non-overlapping
sub-domains (or classes). A test set can then be built by
choosing a unique test datum from each class. This tech-
nique assumes that, if the program behaves correctly with
one test datum from a class, then it should be valid for all
data from this class. Thus, using such a technique, the parti-
tioning of the input domain is crucial: classes must be well-
chosen and the number of class must be reasonable. To de-
fine partitions, as shown on the following example, both the
structure of the input data and constraints like pre- and post-
conditions can be used.

Example: if a program takes an integer (x) as input, possi-
ble partition may be:
P={min, [min+1..-1], 0, [1..max-1], max }
However, if a post-condition of the program is:
(x>2) implies ...
Then a more adequate partition may be:
P={min, [min+1..1], 2, [3..max-1], max }

Inspired by this technique, the following sections propose a
technique to identify subsets of data to test model transfor-
mation programs.

4.1.2 From UML models to MOF meta-models

The input scope of a model transformation program is de-
fined by the meta-models of its input parameters. Thus,
using this information, a set of criteria can be defined on
those meta-models that allows partitioning the input space
to select a set of relevant test data. Since meta-models using
MOF are similar to UML class diagrams (classes, attributes,
generalization, associations), we propose to reuse existing
criteria defined for UML class diagrams. Andrews et al [2]
define criteria to cover a UML model, and especially three
criteria to ensure the coverage of a class diagram:

- Association-end multiplicities (AEM): for each associ-
ation, each representative multiplicity pair must be covered.

- Class Attribute (CA) : for each attribute, each represen-
tative value must be covered.

- Generalization (GN) : For each generalizable element,
each sub-type must be covered

The first two criteria (AEM and CA) are expressed in
terms of representative values. The idea here is to reuse
the techniques of partition testing to define a set of rep-
resentative values for each attribute and each association
end. These criteria are meaningful and easy to adapt to the
meta-model level: the concepts of classes and associations
in MOF and UML are very similar. In [2], the focus is on
testing the behaviour of models, whereas for model trans-
formations, we are interested only in their structures. As
such, the GN constraint is not significant in this context be-
cause, although behaviours can be overridden in subtypes,
structures cannot. Thus, we propose to adapt the two fol-
lowing criteria to achieve coverage of a meta-model:

- AEM (Association End Multiplicities): For each asso-
ciation end, each representative multiplicity must be cov-
ered. For instance, if an association end has the multiplicity
[0..N], then it should be instantiated with the multiplicity O,
1 and N. Representative multiplicity pairs can then be com-
puted for an association by taking the Cartesian product of
the possible multiplicities of each of its two ends.

- CA (Class Attribute): For each attribute, each repre-
sentative value must be covered. If the attribute’s type is
simple (integer, string...), a set of representative values has
to be computed. (If the attribute’s type is complex, it has to



be processed as an association, according to the AEM cri-
teria). In the same way as is done for associations, the rep-
resentatives values of a class’ simple attributes then need to
be combined using a Cartesian product.

4.1.3 Representatives values

For the two criteria (AEM and CA), an appropriate set of
partitions must be found in order to select representative
values. As discussed in [2], two techniques can be applied
for each criteria: default partitioning and knowledge-based
partitioning.

The first, default partitioning, consists of defining, a pri-
ori, a partition based on the structure or the type of the data.
For a string attribute this may be {null, "", "something"},
and for an [0..1] association end it would be {0, 1}. The
advantage of such a partitioning technique is that it is fully
automated and easy to implement as soon as a policy for
each data type is provided. Most of the time, this policy
can consist of choosing boundary values and possibly val-
ues outside the boundaries, if the goal is also to check the
robustness of the transformation.

The second, knowledge-based partitioning, consists of
extracting representative values from the model transforma-
tion itself. These values can be provided by the tester or
automatically extracted from the specification of the model
transformation. In particular, the pre- and post-conditions
allow us to find relevant values for attributes and possibly
multiplicities for association ends. This is illustrated by the
example presented section 4.1.1, where the value 2 is ex-
tracted from a constraint expressed in the post condition.

Combining these two techniques allows each attribute
and association end of the meta-model to be enumerated
with sets of representative values: using knowledge-based
partitioning if some information about this attribute or asso-
ciation is available in the specification, or default partition-
ing otherwise. As an example of this, Table 1 presents the
partitioning for a few elements of the UML meta-model for
the UMLModel input parameter of the OO2RDBMS trans-
formation. One notices the presence of the “CMP” value for
the attribute Class::tag, which have been extracted from the
post-condition of the transformation. More generally, rep-
resentative values can be extracted from the pre- and post-
conditions of a transformation by parsing all constraints of
the specification to select all literal values as representatives
values for the model element to which they are compared.

4.1.4 Coverage items and test criterion

Given sets of representative values for each element of
the meta-model, the idea of the test criterion is to en-
sure the coverage of these values by the tests. However,
covering these particular values independently from each

Table 1. Representative values
Meta-model element Representative values

Class::name : String Null, ", 'something’
Class::isAbstract : Bool [True, False

Class::tag : String Null, ", 'something’, 'CMP'
Class->attribute : [0.*] [0], [1], [>1]

Attribute->owner : [1..1] [1]
Attribute::name : String Null, ", 'something’

others is not sufficient. To illustrate this on the exam-
ple of the OO2RDBMS transformation, consider the sets
of values (shown in table 1) selected for the attributes
Class::isAbstract and Class::tag. Selecting models to cover
independently these values does not ensure that any of the
selected test models contains a class both non-abstract and
tagged “CMP”, which is intuitively one of the most impor-
tant situations with respect to the transformation. To deal
with this, we define sets of combinations of representative
values, called coverage items, that must be covered by the
tests.

Coverage item: A coverage item c; is a constraint on
input models of a MTP. This constraint ensures that a par-
ticular combination of representative values is instantiated
by a set of input models.

In practice, for each class and association the represen-
tative values and multiplicities, respectively, must be com-
bined in order to obtain a set of coverage items. Some com-
binations of values for attributes of a class (or multiplicities
for an association) may be invalid (i.e. incompatible) with
respect to constraints on the meta-model or pre-conditions
of the model transformation, and can be eliminated. Finally,
a set C' of valid coverage items is computed.

Test criterion: Covering the meta-model involves cov-
ering all the valid coverage items computed for each class
and association. More formally, a test set M satisfies the
criterion if Ve; € C,3Im € M | ¢;(m).

4.1.5 Summary and limitation

To sum up the discussion, the principle is to first find rep-
resentative values and multiplicities for attributes and asso-
ciation ends of the input meta-model of the transformation.
Then, for each class and association, compute the Cartesian
product of those values. Lastly, constraints on the meta-
model and the pre-conditions of the transformation need to
be checked with these combinations of values in order to
remove the invalid combinations. The remaining combina-
tions represent a set of coverage items that can then be used
to qualify a test set or to automatically generate test sets for
model transformation programs.

As discussed previously, using this technique should al-
low the selection of test data that cover the behavior of the
OO2RDBMS transformation. However, as the meta-model
of the UMLModel parameter is the UML meta-model, the
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amount of non-relevant data selected may be significant. In
fact, most of the test data selected would be irrelevant with
respect to the transformation because the UML meta-model
contains numerous classes that do not have any relevance
in the context of the transformation. For instance, using
this technique, test data would be selected to cover UML
state machines and sequence diagrams, which is intuitively
not necessary when testing the OO2RDBMS transforma-
tion. The following section proposes the notion of an effec-
tive meta-model in order to solve this problem.

4.2 Effective meta-model

In practice, it is very rare for a model transformation to
use the entire meta-model of its input data. Since the testing
technique proposed here is based on meta-model coverage,
it may lead to numerous useless test cases.

To deal with this, the idea is to determine, before test
generation, the actual subset of the meta-models that is rel-
evant to the transformation. A pragmatic way to select such
an effective meta-model is to use the OCL pre-/post- con-
ditions from the specification of the transformation. The
meta-model elements relevant for a transformation are at
least the elements referred to by its specification. As an
example of this, Figure 7 presents the sub-set of the UML
meta-model suitable for the UMLModel parameter of the
OO2RDBMS transformation. It can be automatically con-
structed by including every type, attribute and association
of the UML meta-model referred to by the specification of
the transformation presented in Figure 6. For associations,
we must also include all subtypes of the referenced class.

Given this effective meta-model, the coverage criterion
previously proposed can be applied with more efficiency. In
the case of the OO2RDBMS transformation shown in Fig-
ure 7, only two classes, four attributes and one association
remain. Yet intuitively, this small meta-model still seems
sufficient for testing this transformation. The partitions for
the attributes and the association ends of the reduced meta-
model are presented in Table 1. A set of coverage items,
as presented in Table 2, can then be computed by combin-
ing the partitions for each class and association. A total of
30 coverage items has been computed to ensure the cover-
age of the effective meta-model of the UMLModel param-
eter (in the table, the first line represents 8 coverage items).
These 30 coverage items need to be filtered according to

Table 2. Coverage items

Cri. | Element | Values
1l CA Class Null, *, *
9] CA Class ", True, Null
10 CA Class ", True, "
11] CA Class ", True, 'something’
12 CA Class ", True, 'CMP'
13[ CA Class ", False, Null
14] CA Class ", False, "
15| CA Class ", False, 'something’
16 CA Class ", False, 'CMP'

17| CA Class
18 CA Class
191 CA Class
20| CA Class
21 CA Class
22| CA Class

'something', True, Null
'something', True, "
'something’, True, 'something’
'something', True, 'CMP'
'something’, False, Null
'something', False, "

23| CA Class ‘something’, False, 'something’
24| CA Class 'something’, False, 'CMP'

25| CA Attribute Null

26| CA Attribute "

27| CA Attribute ‘something’

28 AEM Class->Att. [1-0]

29| AEM Class->Att. [1-1]

30| AEM Class->Att. [1-(>1)]

For the class “Class” the sequence of values {x,y,z} corresponds respectively to the

values of the attributes Class::name, Class::isAbstract and Class::tag.

the constraints of the meta-model and the pre-condition of
the transformation. In the UML meta-model, the name of a
model-element cannot be null, so the coverage items num-
bered 1 to 8 and 25 are invalid. The precondition of the
transformation states that the names of the classes within
a model must be unique, which is the case for remaining
coverage items. Following this, 21 items remain that cover
the UMLModel parameter. We notice that the same thing
would have to be done for the RDBMSModel in/out param-
eter of the transformation to cover the whole specification
of the transformation.

The following sections present a white-box refinement
of the test criterion that takes advantage of a static analysis
of the code of the MTP and investigates techniques to au-
tomatically generate a set of input models that ensures the
coverage of the coverage items proposed previously.

5 Static analysis

The idea of structural or white-box testing is to use the
implementation of the program itself as a basis for the test
criterion and the test data generation. This section proposes
to enhance the criterion proposed previously by static anal-
ysis of the code of MTP. Firstly, we present how an effective
meta-model can be extracted from the implementation of a
transformation, and secondly how the implementation can
also be used to compute representative values.



5.1 Effective meta-model

A static analysis of the MTP can be used to compute
the effective meta-model. To do so, the idea is to collect
the meta-model elements that are referred or used in the
transformation. In practice, this can be automatically han-
dled for most transformation languages as soon as they in-
clude a static type-checker. During the type-checking of the
model transformation program, all meta-type referenced by
the program can be collected to construct the effective meta-
models that are relevant for each parameter. The obtained
meta-model has the advantage of being complete and spe-
cific to the actual implementation under test.

This effective meta-model can then be used for several
purposes. Firstly, it is a reliable meta-model for test genera-
tion with the test criterion described previously. Secondly, it
can be used for verification: compared to the effective meta-
model extracted from the specification to check the consis-
tency between the specification and the implementation. In
particular, it may allow improving the specification or the
documentation of the MT or detecting unexpected behavior
of the MT implementation. Lastly, apart from the validation
considerations, the knowledge of the effective meta-model
of a MT implementation allows us to check if an imple-
mentation can be used with a particular meta-model (a new
version of a meta-model referred to by the specification, for
example).

5.2 Representative values

In the same way as was done with the specification, we
can also perform a static analysis of the code of the MTP to
collect representative values for each attribute of the meta-
model. For this purpose a simple algorithm that browses the
code of the MTP can be designed. Initially, it associates an
empty set of representative values to each attribute of the ef-
fective meta-model. Then, the algorithm analyzes the code
and collects references to the attributes of the meta-model.
The exact information that can be extracted from the code
depends on the MT language that has been used to write the
transformation, but in most cases the references collected
should be either comparisons or assignments. Intuitively,
the idea is that if a particular value is compared or assigned
to an attribute in the MTP then this value may be an “inter-
esting” value for this attribute. In practice, the value of the
attribute may be:

- a literal value. This literal value must be added to the
set of representative values of the attribute.

- another attribute. The sets of representative values for
the two attributes need to be merged into a single set.

- an expression of the language. In most cases, no in-
formation on its possible values can be statically computed
and the set of representative values of the attribute is left

unchanged.

When all the code of the MTP has been processed, a set
of representative values is associated with each attribute.
These values can then be used to apply the test criterion
described previously or for automatic model generation as
discussed in the next section.

6 Automatically generating models

This section investigates techniques to automatically
generate a set of models that covers coverage items. Au-
tomatically generating models for a particular meta-model
is not a trivial problem. In fact, several issues have to be re-
solved, including the selection of classes to instantiate and
the selection of appropriate values for attributes. In the cur-
rent context, the idea is to guide the model generation using
the coverage items and to use the partitioning previously
presented to select concrete and representative values for
the attributes.

When generating test models, two factors must be taken
into account: the size of the tests set and the size of test
cases. It is important to have small test cases to facilitate
the understanding of each test case and to allow an efficient
diagnosis when a test case detects an error. On the other
hand, the set of test cases must be kept at a reasonable size
to reduce execution time and the effort for oracle definition
(if it is not fully automated). In the particular case of gener-
ation of models, the number of coverage items is an upper
bound for the size of the tests set, as a test case usually cov-
ers several items.

6.1 Systematic approach

This section discusses a systematic algorithm to build a
set of models that covers the coverage items for a transfor-
mation program. This algorithm builds instances of the ef-
fective meta-model and instantiates the attributes using the
representative values and the coverage items. The process
is iterative: it tries to build a model that covers as many
items as possible. Once a valid model has been generated,
the algorithm adds this model to the solution set and builds
another one to cover the remaining coverage items. The
following sections describe how models can be generated
to cover as many coverage items as possible, and how the
size of the solution set and of the generated models can be
kept reasonable.

6.1.1 Building models

The automatic generation of meta-model instances starts by
instantiating a class of the effective meta-model that cor-
responds to a coverage item (this assures that at least this
item is covered by the model). To do so, values have to be



assigned to the attributes of the class. For each attribute,
the value is either defined in the coverage item, or chosen
among the set of representative values attached to this at-
tribute. Now, if the class that has just been instantiated de-
pends on other classes in the meta-model, or, if other classes
depend on this class, all these other classes have to be in-
stantiated. This is necessary to build a valid input model
for the transformation program. The instantiation of a com-
plete valid model from a partial model is iterative. First, the
set of meta-model elements that have to be instantiated is
computed. Then, the ones that allow covering an uncovered
coverage item are selected in order of priority. The selected
candidate is instantiated and added to the model. The set
of candidate meta-model elements is then re-computed and
the process iterates until there are no more meta-model ele-
ments that need to be instantiated.

6.1.2 Building the solution set

If some coverage items remain uncovered after the con-
struction of a valid input model, two solutions exist: gen-
erate another model, or add elements to this model to cover
other items. In the first case, the size of the test models ob-
tained may be small but the number of generated test cases
will be high. On the contrary, using the second policy, the
algorithm will try to generate a single model to cover all
the coverage items. Obviously neither of these solutions is
acceptable and a trade-off must be found to ensure both the
reasonable size of the test cases and the reasonable size of
the test set. The generation algorithm must then be param-
eterized by a limit for the size of the generated models, i.e.,
the maximum number of model elements they can contain.
Now, when a valid model is generated, the size limit fixes
the policy to follow: if the model is smaller than the limit,
new elements can be added to satisfy the other coverage
items, otherwise it is memorized and a new model is built.
The algorithm stops when all coverage items are covered by
at least one model.

6.1.3 Discussion

In practice, this algorithm allows the automatic generation
of a set of models that satisfies the test adequacy criterion
of section 4.1.4. However, the generated set of models
strongly depends on the order in which the coverage items
are selected. Depending on this order, the obtained results
may be very different and certainly not optimal, i.e. the set
of test models may not be minimal. The next section inves-
tigates the adaptation of an optimization algorithm that has
been especially designed in previous works for the genera-
tion and optimization of complex test data.
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test cases
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Candidate set
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Figure 8. Bacteriologic algorithm

6.2 Bacteriologic approach

In the literature, many techniques based on optimization
algorithms have been proposed for the generation of test
data. This section presents an adaptation, to generate mod-
els, of the bacteriologic algorithm proposed in [5, 4]. The
bacteriologic algorithm is an original adaptation of genetic
algorithms that has been designed especially for the prob-
lem of generating a set of complex test data that globally
covers a set of items (the test criterion). This section de-
tails how the algorithm can be adapted to generate a set of
models that covers a set of coverage items.

Figure 8 shows the principle of a bacteriologic algo-
rithm. A starting set of test cases (models) must be provided
to initialize the candidate set. This set can be an existing
set of test cases or can be randomly generated. During the
execution of the algorithm, a solution set of test cases is
incrementally constructed. Each iteration of the algorithm
consists of four steps:

1. Ranking: The candidate test cases (models) are ranked
according to a fitness function that estimates their potential
contribution to the overall coverage of the solution set. The
fitness function for generating models to test a MTP might
be the number of unfulfilled coverage items that are covered
by a candidate test model.

2. Memorization: During the memorization step, the
best test case is possibly added to the solution set accord-
ing to a selection policy. This policy allows adjusting the
trade-off between the size of the final solution set and the
rate of convergence of the algorithm, e.g. through the use
of a fitness threshold for memorization [4].

3. Filtering: The filtering step involves removing the
useless test cases from the candidate set in order to keep



the size of the candidate set reasonable. The easiest way to
achieve the filtering is to remove all test cases whose fitness
value is null, i.e. that will not contribute anything to the
solution set.

4. Mutation: Last, but not least, the mutation step is
the one that actually creates new candidate test cases. Dur-
ing this step, the best test cases (according to the fitness
function) are selected and a mutation operator is applied to
them in order to create new test cases. Thus, to apply the
algorithm to generate tests for model transformations, an
adapted mutation operator needs to be defined. Such a mu-
tation operator would take advantage of the partitions that
have previously been defined for each element of the meta-
model. For example, it could randomly select an element
in an existing model and create a new model by selecting a
value from a different partition.

The advantage of using such an algorithm instead of a
systematic algorithm for the automatic generation of test
models is better optimization (minimization) of the gener-
ated tests. However, the bacteriologic algorithm requires an
initial set of test cases, which might be generated by a sys-
tematic algorithm, and then optimized and completed using
a bacteriologic algorithm. In future work, we plan to imple-
ment the two techniques and compare, or perhaps combine,
them in order to design an efficient test generator for model
transformation.

7 Related Work

The emergence of MDA has led to a lot of research work
on design issues for effective model-based software devel-
opment. However, there has been little work yet about
testing in this particular design paradigm. The authors in
[11, 18] address specific issues when testing in the MDA
context. In [18] the authors propose to automatically gener-
ate test harnesses in a generative programming environment
and [11] propose guidelines for model-driven testing. How-
ever, none of these works looks at the problem of testing
transformation programs. In section 4 we detailed the work
by Andrews et al. [2] that is closely related to testing in
the MDA. This section discusses another related work pre-
sented by Atkinson et al. in [3].

M. Rutherford is interested in test-code generation while
developing an application in a model-driven context. In
[18], he reports an experiment to generate test code in par-
allel with the system. The experiment is done in the context
of a generative programming tool called MODEST. The au-
thors distinguish between the automatically generated code
and the domain specific code that is hand-written. The idea
is that the generated code constrains the possibility to write
domain-specific code. Then, in the same way, there should
be automatically generated test code to constrain the writ-
ing of test code for domain specific code. The paper reports

the costs and benefits of developing additional templates for
test code for the MODEST tool, so it can generate as much
test code as possible. The reported benefits were that de-
veloping templates for test code enhanced the development
process and allowed the developers to be more familiar with
the code produced by MODEST. The costs are evaluated
with an analysis of the complexity of templates for test-code
generation.

In [11], the authors also explicitly address the problem
of test generation in a MDA context and propose to develop
model-driven testing. In particular, this work focuses on
the separation between platform-independent models and
platform-specific models for testing. The generation of test
cases from the model, as well as the generation of the oracle
are considered to be platform-independent. The execution
of the test cases in the test environment is platform-specific.
The two platform-independent issues are not discussed in
detail. The authors refer to previous work and highlight the
use of model simulation for the oracle. Then, they show
how to employ design patterns to run test cases in a spe-
cific environment. The case study is based on model-driven
development of web applications.

In [3], the authors propose a specific technique for test-
ing the integration of components in component-based de-
velopment. They propose to embed test cases in the com-
ponent in order to offer the component a "built-in" abil-
ity to check the correctness for the environment in which
it is integrated. This means that the tests aim to verify
the client/server interactions. This helps integration by au-
tomating part of the testing, by distributing the test instead
of exclusively testing at the system level, and the compo-
nents are more robust since they can raise a flag if they are
plugged to an illicit environment. This technique conforms
to MDA in the sense that the contracts which express the
rules to use a component correctly, and that are used to build
the embedded test cases, are independent from a particular
component technology.

8 Conclusion and future work

In this paper, we present an initial exploration of tech-
niques for software validation in a model-driven environ-
ment. As the primary behavioural artifact in the OMG’s
model-driven architecture, model transformation programs
must be rigorously tested. Although this can be achieved
using traditional testing techniques, we present a number of
strategies that adapt these to better suit model transforma-
tions, which differ significantly in the data structures that
are used. Since the languages used to specify model trans-
formations are still in the process of being normalized, we
use a lowest-common denominator language based on op-
erations and OCL pre- and post-conditions.

We present a test adequacy criterion for testing model



transformations. Based on the techniques of partition test-
ing and UML class diagram coverage, the criterion consists
of the derivation of coverage items for the source meta-
models. To avoid the common problem of larger-than-
necessary meta-models, we also discuss a technique for de-
riving an effective meta-model, as the useful subset of the
actual meta-model. Using this coverage criterion, we dis-
cuss two approaches to the generation of test data, based on
systematic and bacteriologic algorithms.

There remains a lot of research to be done into the test-
ing of model-driven architectures. We now intend to clar-
ify and empirically evaluate the techniques presented here
to assess their effectiveness in first small- and later large-
scale model transformations. Once the language for model
transformations has been normalized, it will be possible to
expand on the techniques discussed here for white-box or
structural testing, including the definition of mutation oper-
ators for the use of mutation testing to qualify and improve
the quality of the test set. Also, while we examine the test-
ing of model transformations, there is also much work to
be done in the testing of systems developed using model-
driven techniques.
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