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Abstract 
In an MDA software development process, models are repeatedly transformed to other 
models to finally achieve a set of models with enough detail to implement the system. Gen-
erally, there are multiple ways to transform one model into another model. Alternative tar-
get models differ in quality properties and the selection of a particular model is determined 
on the base of specific requirements. Current transformation languages only provide means 
to specify transformations but do not help to identify and select among alternative trans-
formations. In this paper we propose a synthesis-based software development process with 
a set of techniques for constructing a transformation space for a given transformation prob-
lem. The process takes a source model, its meta-model and the meta-model of the target, 
and quality requirements as input and generates a transformation space. 
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1. Introduction 
The Model Driven Architecture (MDA) approach proposed by OMG [4] aims to promote 
interoperability and portability. Current software development processes such as the Unified 
Process [1] have to be adapted to this approach. A software development process can be de-
scribed using the Software Process Engineering Meta-model (SPEM) [7]. A software devel-
opment process is defined as collaboration between entities called process roles that perform 
operations called activities on concrete, tangible entities called work products. Activities con-
sist of a number of steps. A discipline partitions activities within a process according to a 
common theme. In the Unified Process nine disciplines are described, e.g. Business Model-
ing, Requirement Management, Analysis and Design, and Implementation. 

Figure 1. The generalized MDA Pattern [3] 

MDA software development involves a specification of the system functionality in a set of 
Computation Independent Models (CIMs), Platform Independent Models (PIMs), and Plat-
form Specific Models (PSMs). A key characteristic of the MDA is the notion of model trans-
formation. Model transformations appears at any level: CIMs to CIMs, CIMs to PIMs, PIMs 
to PIMs, PIMs to PSMs and PSMs to PSMs. In the MDA Guide [3] this is captured in the 
MDA pattern, which can be generalized as depicted in Figure 1. The transformation specifi-
cation can consists of - for example - mapping rules based on (meta-) models. A model trans-
formation is a set of transformation rules and techniques used to operate on a source model to 
produce another model, the target model. In general, transformation rules relate constructs in 
the source model to the constructs in the target model (see Figure 2).
The source and target models are at level M1 according to the Meta Object Facility (MOF) 
[5] terminology and their source and target meta-models are at level M2. The source model 
MA is an instance of the source meta-model MMA and it has to be transformed to a new model 
that is an instance of the target meta-model MMB. The two meta-models determine the possi-
ble transformations rules. The resulting target models may differ from each other in the qual-
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ity properties they possess, such as performance or adaptability. Software engineers have to 
compare and choose among the alternatives based on quality requirements. 

Figure 2 Multiple alternative transformations for a given source model 

The diversity of quality requirements prevents the usage of a fixed set of transformation rules. 
For a concrete problem the software engineer must be able to identify the transformations that 
lead to a model with the desired quality properties. Unfortunately, current transformation lan-
guages and techniques do not provide means to identify alternative transformations and to 
compare them based on specific quality characteristics of the resulting models. This paper 
uses a synthesis-based approach to an MDA software development process. It applies a tech-
nique to explicitly model a set of alternative transformations for the source model. This tech-
nique also allows specification of quality properties of the models. The quality properties are 
used as selection criteria among the alternatives. 
In section 2 we explain the problem addressed in the paper. Section 3 explains the synthesis-
based approach to software development. Section 4 describes techniques for constructing 
transformation spaces and selecting alternatives from them. Section 5 discusses the applica-
bility of these techniques in the context of the model transformations in MDA. 

2. Problem Statement 
An MDA software development process involves transformations from models to models as 
depicted in the MDA pattern. We show the presence of alternative model transformations 
with an example of transforming UML class diagrams to XML schemas. At level M1 we 
have a UML model (source) and alternative XML schemas (target). At level M2 we have the 
UML meta-model and an XML Schema meta-model that can be derived from the XML 
Schema specification [8] (There is no standard XML Schema meta-model expressed accord-
ing to MOF but some proposals already exist [6]). The UML class model can be considered 
as the PIM and the XML-Schema as the PSM. For example, the Class construct defined in 
the UML meta-model may be mapped to Element declaration or Complex type definition 
construct in the XML Schema meta-model. Then at level M1 there are two possibilities for 
mapping each class in the source model: either to an element declaration or to a complex 
type. These possibilities can be combined in alternative mappings that produce alternative 
XML schemas. We can identify some transformations that produce alternative schemas. Even 
for simple source models there are more than one correct target models. The first problem is 
to select among the alternatives. It is rarely the case that every alternative is a good solution. 
Usually various requirements must be fulfilled. Software engineers are often faced with this 
situation but usually the process of comparing alternatives is more implicit than explicit. The 
second problem is that there is no support for identification of alternative transformations. 
The transformation to the required schema may not be always trivial and obvious and then a 
systematic approach is required. 
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3. Synthesis-based Software Development
In the Introduction we described activities and work products in SPEM. MDA work products 
are models, transformation specifications and transformers. An MDA software development 
process can be seen as a sequence of applying MDA patterns, starting with the user require-
ments specified in a CIM and after the final transformation resulting in an operational appli-
cation. The target model in one step serves as source model in the following step. These 
activities can be grouped into disciplines around the MDA levels. 
There is no easy fit of the MDA work products into activities as defined in the Unified Proc-
ess. In this paper we demonstrate how the synthesis-based approach to software development 
can be applied in an MDA context. The major activities in synthesis-based software devel-
opment are the following:  technical problem analysis, solution domain analysis, and alterna-
tive space analysis. Each activity is refined into several steps [9]. The three activities could be 
carried out for each transformation. 
As transformations are at the core of MDA we now focus on the third activity in which we 
implicitly use results of the technical problem analysis and the solution domain analysis (e.g. 
the analysis of the XML Schema, the Schema meta-model, the UML domain class model and 
the UML meta-model). A complete analysis of this case study is given in [2]. 
The important concepts in the MDA transformation problem are depicted in Figure 3.  

Figure 3 The transformational problem in the MDA pattern  

The source model specifies the system functionality at certain level of abstraction. The source 
model is an instance of the source meta-model. We aim at identifying transformations that 
produce target model(s), which preserve the functionality in the source model and realizes 
that functionality on the target platform. The target meta-model (or target platform) is consid-
ered as a constraint and in some cases the required functionality cannot be implemented with 
the features provided by the constructs in the target meta-model. Quality requirements for the 
models such as adaptability, extensibility, performance, etc. are specified in the quality 
model. Those requirements are imposed on the source model and they must be preserved in 
the resulting target model where these quality properties are interpreted in terms of the target 
meta-model. In Figure 3 we denote the fulfillment of the quality requirements by the source 
and the target models as conformance to the quality model. 
In summary, the transformational problem in MDA is the problem of specifying a trans-
former that takes the source model, its meta-model, the quality model and the target meta-
model as input and generates target model(s) that conforms to the target meta-model and the 
quality model. The alternative space analysis is directed at the identification and specification 
of feasible transformations between the source model and the target model.  

4. Alternative Space Analysis 
In this section we describe the activity Alternative Space Analysis of the synthesis-based 
software development process in the context of the MDA transformation problem. The work-
flow for this activity is shown in Figure 4. 
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Figure 4 Workflow of the activity Alternative Space Analysis 

This activity takes a source model, its meta-model, the quality model and the meta-model of 
target model as input and generates a transformation space for the source model, i.e. a set of 
alternative transformations for a given source model. A transformation space is a multidi-
mensional space spanned over a number of independent dimensions. Each dimension is asso-
ciated with a number of coordinates that form a coordinate set. Every element in the space 
represents a transformation that produces a model that is an instance of the target meta-
model. Since a transformation space may be too large some operations are defined to reduce 
the space. The required quality characteristics of the target model are represented in a quality 
model. The concepts from the quality model are woven with the source model elements and 
they indicate characteristics that the target model must possess. The result of the activity is a 
set of alternative transformations that can be used to produce the transformer required for the 
model transformation. We describe the process of constructing transformation space for the 
simple example model in Figure 5. It contains two classes related with a generalization rela-
tion. The quality requirement in that example is extensibility of the model regarding expected 
specializations of Class2.

Figure 5 Example source model: UML class diagram with two classes with generalization relation 

This model will be transformed to an XML schema. The example shows that even in this 
simple case there are multiple valid schemas that can be generated. Two alternative XML 
schemas for the source model are given in Figure 6. 

<complexType name=’class1’> 
    ……………….. 
</complexType> 

<complexType name=’class2’> 
  <complexContent> 
      <extension base=’class1’> 
       ……. 
      </extension> 
  </complexContent> 
</complexType> 

<element name=’c1’ type=’class1’/> 

<complexType name=’class1’> 
    ……………….. 
</complexType> 

<element name=’c2’ substitutionGroup=’c1’> 
  <complexType>   
    <complexContent> 
      <extension base=’class1’> 
       ……. 
      </extension> 
    </complexContent> 
  </complexType> 
</element> 

(a) (b) 

Figure 6 Two alternative XML schemas derived from the source model 

The activity of alternative space analysis has the following 4 steps. 
1. Constructing Transformation Space. The dimensions of a transformation space are de-
termined from the constructs in the source model. A subset of the constructs in the source 
model is selected and one dimension is defined for each construct in that subset. A construct 
from the source model used to define a given dimension is always an instance of a construct 
from the source meta-model. The coordinate set for that dimension is determined on the base 
of the construct from the source meta-model. For the source meta-model construct the set of 
possible target constructs from the target meta-model is determined. Then this set is used to 
form the coordinate set for the dimension. A point in a transformation space represents an 
alternative transformation of the source model. For every source construct the target construct 
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is determined as the coordinate of the point over the dimension corresponding to that source 
construct. 
The transformation space for the example in Figure 5 contains three dimensions: Class1,
Class2 and Generalization. The first two correspond to the classes and the third corre-
sponds to the relation between the classes. Coordinate sets for these dimensions are defined 
below: 

coordinateSet(Class1)={CT, E, MG, AG} 
coordinateSet(Class2)={CT, E, MG, AG} 
coordinateSet(Generalization)={Der, Subst, Cont, Ref, E} 

Coordinate sets are derived from the constructs available in the XML Schema meta-model. 
Abbreviations stands for Complex Type Definition (CT), Element Declaration (E), Attribute 
Declaration (A), Attribute Group (AG) and Model Group Definition (MG). For the Generali-
zation dimension we choose among the XML Schema relations. They are Derivation 
(Der), Substitution (Subst), Containment (Cont) and Reference (Ref). Figure 7 shows a 
graphical representation of the transformation space for our example. It has 4 * 4 * 5 = 80 
alternatives. 

Figure 7 Transformation Space with three dimensions corresponding to two classes and generalization 

2. Reducing Transformation Spaces. It is possible to generate all the alternatives in a 
transformation space and to compare them. The number of alternatives is usually large even 
for simple source models. However, it is unnecessary to generate the whole space of alterna-
tives. Instead, the software engineer may reduce the space either by selecting or by excluding 
alternatives from the transformation space.  

Figure 8 Transformation Spaces after selection (a) and exclusion (b) operations 

For example the software engineer may decide to select only Element Declaration (E) and 
Complex Type (CT) as alternatives for UML Class. He specifies criteria for selection from the 
transformation space, e.g. based on best practices or heuristic rules. The space after this selec-
tion is shown in Figure 8a. Furthermore, the software engineer may decide to exclude Refer-
ence (Ref) and Element Declaration as alternatives for the generalization. The points that 
satisfy the criteria are excluded from the transformation space. The space after the application 
of the exclusion operation is shown in Figure 8b. The dark shaded area shows the part that is 
excluded. 
3. Reducing Transformation Space on the base of Quality Properties. Transformation 
space may be further reduced by considering the quality requirements that the target model 
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must fulfill. The quality requirements are used to create the quality model. Once the software 
engineer has the quality model constructs explicitly represented he can identify instances of 
those constructs in the source model. Then, he can use selection criteria based on them. 
For instance, in our example we may require extensible XML schemas that allow adding spe-
cializations of Class2 without changing the generated schema. The quality model in that case 
distinguishes two types of components: extensible and inextensible. We consider Class2 as 
extensible. The interpretation of the extensibility in terms of the target XML schema is that 
the content model of the extensible component is reused by the components created from the 
expected specializations of Class2. According to that interpretation the schema in Figure 6b 
is not extensible because the complex type is defined as anonymous and therefore its content 
cannot be reused through the schema derivation mechanism. The schema in Figure 6a allows 
derivations and can be considered as extensible. The process of assigning quality properties 
to the source model and the operations that support it are described in more details in [2].  
4. Refinement. This is the last step of the activity for alternative space analysis. Once the 
space is sufficiently reduced the software engineer may generate the alternatives explicitly. 
However, these alternatives are not complete transformations yet. Some additional details are 
required before the transformation is specified and executed. For instance, the XML element 
declaration components always require a type to be defined.

5. Conclusion 
We presented a synthesis-based approach for an MDA software development process with 
focus on the activity of alternative space analysis. In current software development processes 
such as the Unified Process, no explicit attention is given to exploration and selection of al-
ternatives. For MDA there are inherently many possible alternative transformations from 
source to target models. In the synthesis-based approach to the software development process 
alternative space analysis is treated as a separate activity with specific techniques for generat-
ing and reducing the transformation space. Although transformation spaces tend to be large 
even for simple models, they are purely conceptual. The software engineer does not need to 
generate all the alternative transformations from a transformation space. A number of reduc-
tion steps are applied and the size of the space is reduced. The structure of a transformation 
space specified by dimensions and coordinate sets provides a framework to reason about the 
alternatives in general instead of per alternative individually. 
Since software engineers generally have to fulfill both functional and quality requirements, 
they should be able to identify and compare the quality properties of the functionally equiva-
lent alternative target models for the same source model.  The proposed techniques capture 
the quality requirements in a quality model that can be used in criteria for reducing the trans-
formation space. 
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