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Abstract Model-Driven Engineering (MDE) involves
the construction and manipulation of many models of
different kinds in an engineering process. In principle,
models can be used in the product engineering lifecy-
cle in an end-to-end manner for representing require-
ments, designs and implementations, and assisting in
deployment and maintenance. The manipulations ap-
plied to models may be manual, but they can also be
automated—for example, using model transformations,
code generation, and validation. To enhance automated
analysis, consistency and coherence of models used in an
MDE process, it is useful to identify, establish and main-
tain trace-links between models. However, the breadth
and scope of trace-links that can be used in MDE is
substantial, and managing trace-link information can be
very complex. In this paper, we contribute to manag-
ing the complexity of traceability information in MDE
in two ways: firstly, we demonstrate how to identify the
different kinds of trace-links that may appear in an end-
to-end MDE process; secondly, we describe a rigorous
approach to defining semantically rich trace-links be-
tween models, where the models themselves may be con-
structed using diverse modelling languages. The defini-
tion of rich trace-links allows us to use tools to maintain
and analyse traceability relationships.
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1 Introduction

Traceability is the ability to interrelate uniquely identi-
fiable entities in a way that matters. The IEEE Stan-
dard Glossary of Software Engineering Terminology [22]
defines traceability as “the degree to which a relation-
ship can be established between two or more products
of the development process, especially products having
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a predecessor-successor or master-subordinate relation-
ship to one another; for example, the degree to which the
requirements and design of a given software component
match.” Thus, traceability refers to the capability for
tracing artefacts along a set of chained operations, where
these operations may be performed manually (e.g., craft-
ing a software design for a set of software requirements)
or with automated assistance (e.g., generating code from
a set of abstract descriptions).

The relationships between artefacts are called trace-
links [41]; informally, a trace-link is a relationship be-
tween one or more source model elements and one or
more target model elements, optionally containing con-
textual information (e.g., a name for the trace-link). We
make this more precise in Section 2. A trace model is
a structured set of trace-links, e.g., between source and
target models. Trace-links may be defined between en-
tire artefacts (e.g., a requirements document and a de-
sign document) or between parts of artefacts; they can
be used for many different purposes [19,49], such as im-
pact analysis (i.e., to identify the effect of changing one
artefact on related artefacts), code generation, code re-
generation (i.e., to automatically regenerate previously
generated code that is related to a design artefact), visu-
alisation, change control, flexible process modelling and
requirements coverage assessment. The intended use of
the trace-links dictates the meaning imposed on the link
[2]. A variety of different semantics can be applied to
trace-links, ranging from simple existence (i.e., “there is
a relationship between artefacts”) to rich semantics [12]
amenable to formal analysis.

Model-Driven Engineering (MDE) involves the con-
struction and manipulation of diverse models in an en-
gineering process [47]. In principle, models can be used
end-to-end in an engineering lifecycle, from requirements
engineering through deployment and maintenance; the
manipulations that are applied to models can also be
automated—for example, using model transformations
[24,28,39], code generation (also known as model-to-text
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transformation) [45], and validation [27,36]. In the con-
text of MDE, the engineering artefacts of general interest
are models, conforming to a metamodel, and are con-
structed using a set of modelling tools. Traceability in
MDE is therefore predominantly concerned with identi-
fying and managing the trace-links that relate models or
elements of models, so as to support the forms of analy-
sis described previously. However, we frequently start to
develop models from other kinds of artefacts: informal,
natural language descriptions of requirements, spread-
sheets, etc. Traceability in MDE needs to consider these
artefacts as well, in terms of how models can be traced to
other (non-model) artefacts and how (non-model) arte-
facts can be traced to models.

Traceability in MDE introduces, or concretises, sev-
eral challenges. A first, important issue is what consti-
tutes a trace-link. While this is an issue for all appli-
cations of traceability, it is magnified in the context of
MDE due to the different ways in which trace-links can
be created (i.e., manually and automatically). A sec-
ond challenge is coping with the substantial increase in
traceability information (i.e., trace-links) generated and
maintained in an MDE process; in part, this is due to
the application of automated model manipulation tools,
like model transformations and code generators, that can
automatically generate trace-links, at different levels of
granularity. Managing this information, and providing
appropriate mechanisms to allow engineers to judiciously
access it, is a key difficulty. The third challenge is one
that is general to traceability solutions: the lack of agree-
ment regarding the meaning of trace-links, and hence the
type and quantity of information to be recorded with
trace-links [12,20]. Part of the lack of agreement is due
to there being no consensus on how trace-links can and
should be used: there are many different applications,
and trace-links and traceability solutions are often as-
sumed to be helpful for all of them.

Overall, there are a number of dimensions and chal-
lenges to the traceability problem [49]: identification of
trace-links; encoding trace-links; evolving and maintain-
ing trace-links; and applying trace-links.

The first challenge, trace-link identification, has two
aspects: the concrete problem of identifying a set of trace-
links given a specific set of artefacts (which we term
trace analysis); and the meta-problem of how to iden-
tify trace-links for arbitrary sets of artefacts. The second
challenge focuses on finding efficient, reusable mecha-
nisms for encoding and storing trace-links, particularly
for large-scale applications. The third challenge empha-
sises managing trace-links once they have been recorded,
i.e., maintaining links as artefacts evolve. The final chal-
lenge involves application of trace-links, e.g., as detailed
in [19,49].

This paper makes contributions towards the chal-
lenges of trace-link identification, trace-link encoding,
and trace-link maintenance and evolution. It does so in
two ways.

Firstly, we focus on the problem of identification of
trace-links, not for a specific set of models, but for arbi-
trary sets of MDE artefacts. To do so, we describe a pro-
cess for constructing traceability classifications. Classifi-
cations' are useful for helping to understand and manage
complex collections of information, such as the diversity
of trace-link semantics applicable to MDE [15,42,49,53].
Classifications of traceability will help us to understand
the requirements for repositories and databases of trace-
ability information, and to understand the different ways
in which trace information can be processed. Moreover,
classifications can help support the process of acquiring
traces for specific models, which is difficult and has lim-
ited tool support [44].

In addition, we define a tool-supported rigorous ap-
proach for implementing the results of the above pro-
cess. We use the example classifications produced using
our process to illustrate and validate the approach. The
approach is based on a domain-specific metamodelling
language [56] for traceability, wherein different kinds of
trace models can be instantiated and applied for dif-
ferent contexts. The approach is itself implemented in
the Epsilon model management framework, which allows
well-formedness rules for trace models to be automati-
cally generated. The metamodelling approach thus al-
lows us to rigorously define the semantics of trace-links,
as instantiated in trace models, and thereafter subject
traceability information to different forms of automated
analysis.

The paper is structured as follows. We start with a
review of relevant literature on traceability, focusing on
MDE, including previous work on traceability classifica-
tions and metamodels, as well as tool support for creat-
ing, maintaining and managing trace-links. We also pre-
cisely define key terminology. Next, we present a light-
weight process for constructing traceability classifica-
tions, and give an example of its application.

Then, our rigorous approach to encoding trace-link
semantics is presented, and we describe a prototype im-
plementation in the Epsilon framework. The approach
is illustrated by an example. Next, we connect the two
main contributions of the paper, and show an end-to-
end example where a traceability classification is pro-
duced (by applying the lightweight process), and parts
of the classification are encoded using our prototype im-
plementation. Finally, we conclude with a discussion of
limitations and insights on directions for future work and
extension.

2 Background and related work

2.1 Traceability definitions

This section introduces key terminology in traceability.
The next section summarises related work in traceability,

L Traceability classifications are sometimes called traceabil-
ity metamodels or traceability schemas [15].
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while Section 2.3 focuses specifically on related work on
traceability in MDE.

Traceability was defined in Section 1. We repeat it
here for convenience; this definition was originally pre-
sented in the context of software development processes,
but in principle can be used in other (e.g., system devel-
opment) processes.

Definition 1 Traceability: the degree to which a rela-
tionship can be established between two or more products
of the software development process [22].

The relationships defined between products in the
development process are called trace-links.

Definition 2 Trace-link: a relationship between source
and target products in a software development process,
where the relationship encodes contextual information
(e.g., the name of the trace-link, provenance, time/date
information, and other semantic content) [41].

Within a software development process, various trace-
links may be defined, relating many different products.
End-to-end traceability refers to a set of products, span-
ning the entire software development process, that are
connected via trace-links [6].

Definition 3 End-to-end traceability: a set of software
development products, from all phases of the develop-
ment process (e.g., requirements, design, implementa-
tion, deployment) that are related by trace-links.

Much effort on traceability in software development
has focused on so-called requirements traceability; trace-
ability to requirements is an important use case for trace-
ability management.

Definition 4 Requirements traceability [19/: the ability
to describe and follow the life of a requirement, both for-
wards and backwards (i.e., from its origins through its
development and specification, to its subsequent deploy-
ment and use, and through all periods of ongoing refine-
ment and iteration in any of these phases).

Pre-requirements traceability is concerned with as-
pects of a requirement’s existence prior to its inclusion
in a requirements specification; post-requirements trace-
ability is concerned with aspects of a requirement’s ex-
istence that result from its inclusion in the requirements
specification [19].

2.2 Software traceability

This section provides a concise overview of the key lit-
erature in software traceability; it does not attempt to
provide a comprehensive summary of the state-of-the-
art. A thorough roadmap was presented in [49], which
in turn provided a clear structure for categorising de-
velopments in software traceability. Substantial research
has been carried out in each category of software trace-
ability:

— Identification of trace-links has been considered by
many authors, including Dick [12] in his work on
rich traceability, which has been carried through to
Telelogic (now IBM) products such as DOORS. Cys-
neiros et al [11] explored trace-link identification for
goal-oriented requirements models. Gotel et al’s con-
tribution structures [19] explored trace-links between
requirements models and specific types of stakehold-
ers. In terms of traceability classifications or schemas,
particularly well known is Ramesh and Jarke’s sem-
inal classification for requirements [44]. Walderhaug
[53] presents a generic schema, particularly for MDE.

— Generation of trace-links has been considered by Al-
exander, in the context of industrial projects [4]. An-
toniol et al [5] also explore the recovery of trace-links
between code and documentation, and Egyed con-
siders automated requirements traceability [14] via a
recording and replaying mechanism. Automated gen-
eration of trace-links is important in MDE (see Sec-
tion 2.3), as trace-links are often produced as a side-
effect of operations that manipulate models.

— Support for representing and maintaining trace-links
has been explored in detail by Cleland-Huang [10],

using notification-based approaches that identify change
events. Commerical tools (e.g., IBM Rational’s DOORS?

and CORE?) also aim to provide support for this.
MDE approaches to this problem provide metamod-
els, often with extension mechanisms, for the rep-
resentation of trace-links (see the next section) and
their analysis.

— Finally, empirical investigations of establishing and
deploying trace-links have been extensively studied;
see, for example [44,50].

2.3 Traceability in MDE

In this section, we briefly outline related work on trace-
ability specifically in MDE. We attempt to present this
work following the basic structure used in the previous
section, i.e., in terms of approaches to identify, generate,
represent, maintain, and deploy trace-links and trace-
ability solutions. Before doing so, we observe that one
of the core ideas in MDE is to generate more detailed
artefacts from less detailed models. Such generation im-
plicitly enables the automatic generation of trace-links
as a side effect. MDE-based approaches are potentially
well-suited to support automated end-to-end traceabil-
ity.

Research on generic approaches to identification of
trace-links in MDE is limited; [42] presents a limited
classification of trace-links. [1] describes different kinds
of trace-links in MDE. traceMaintainer [31] identifies
trace-links between different versions of UML models,
based on an understanding of the types of changes that

2 http://www.telelogic.com /Products/doors/doors/index.cfm

3 http://www.vitechcorp.com/products/Index.html
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can be made to UML models. We discuss generic ap-
proaches to identification in more detail in Section 3.

There has been substantial investigation into gen-
eration of trace-links. A number of model transforma-
tion tools (which are fundamental to MDE) as well as
other model management operations, support the au-
tomated generation of trace-links. The ATLAS Trans-
formation Language (ATL) [24] uses higher-order trans-
formations (HOT) [51] to add trace information in the
transformation model. The ATLAS Model Weaver has
been used to specify trace-links and automatically gener-
ate trace-links that conform to a specific weaving meta-
model [16]. The Epsilon framework [25] also provides
traceability support through an external trace model
that can be accessed explicitly in Epsilon’s workflow
mechanism (which is based on ANT). An Epsilon pro-
gram, such as a transformation or a model merging op-
eration, can expose trace information (in the form of a
trace model) and this information can be accessed by
other model management tasks (such as validations) or
even non-MDE tasks, such as visualisations generated
with GraphViz. The KerMeta framework also provides
facilities for capturing trace-links from transformations,
through its Traceability Model Development Kit [52].
KerMeta also provides a generic traceability metamodel
and helpers for optimising the trace model (which may
be a particular issue when managing large collections of
trace-links).

Triple graph grammar (TGG) based approaches to
model transformation (particularly update-in-place trans
formations) provide explicit means for capturing trace-
links through so-called correspondence models [18]. Cor-
respondence models capture trace-links between source
and target model elements, and can be further refined
and decorated with additional information to help im-
prove performance of transformations. Correspondence
models are used in the process of generating a TGG spec-
ification of a model transformation. By contrast, trace-
links are often a derived side-effect of running a model
transformation, e.g., in ATL or Epsilon.

Existing model-to-text languages have support for
generating trace-links. In the MOF Models to Text Stan-
dard [38], trace-links are defined to be explicitly created
by the use of a trace block inserted into the code, al-
lowing model elements to be traced directly to blocks
of text. This approach provides user-defined and user-
customisable trace-link definitions; this is specifically use-
ful for adding traces to parts of the code that are not easy
to generate automatically. A drawback of the approach
is a cluttering of the transformation code with explicit
information related to traceability. A complementary ap-
proach, as taken in MOFScript [40], is to automate the
generation of traces based on model element references.
This approach is also taken in the Epsilon Generation
Language [45].

In terms of support for representing and storing trace-
links, common practice in MDE is to store them in a

model based on some form of traceability metamodel.
In [23], a simple metamodel tailored to transformation
traceability is presented. A more sophisticated approach
is to define a generic metamodel, such as the Unified
Traceability Scheme discussed in [30] or the traceability
framework for software product lines presented in [48].
This metamodel, with proper extensibility mechanisms,
should be able to encode any type of traceability links.
Another option is to define a core traceability metamodel
that encodes a basic set of common features and then
define extensions for different types of traceability links.
Although this can be implemented with generic weaving
tools, the semantics of metamodel extensions are not yet
clearly defined. Further discussion on the advantages and
disadvantages of a generic metamodel versus a small core
that can be extended for each traceability domain can
be reduced to a general discussion about generic model-
ing languages (such as the UML), versus domain-specific
languages, a subject clearly outside the scope of this pa-
per.

In terms of storing trace-links that are established
by an operation that manipulates a model, Kolovos et al
[26] observe that this can be done in two ways: either by
embedding trace-links in the models, or by storing them
externally in a separate new model. The first approach
gives a human-friendly view of the trace-links, but it
only supports trace-links between elements in the same
model. The external approach has the advantage of hav-
ing the trace information separated from the model and
therefore avoids polluting the models and allows defini-
tion of traces between different models.

In the MOF QVT Request for Proposals (RFP) is-
sued by OMG in 2002, traceability is defined as an op-
tional requirement [39]. The specification describes three
model transformation languages that can be used: Re-
lations, Core, and Operational Mappings. In the Rela-
tions and Operational Mappings languages, trace-links
are created automatically without user intervention. In
the Core language, a trace class must be specified explic-
itly for each transformation mapping. The QVT Oper-
ational (procedural) implementation that is part of the
Eclipse M2M project [17] is an example of this kind of
support. The implementation does not store trace mod-
els as external files, that would be inter-exchangeable
between tools. This can be seen as a disadvantage of the
tool [29].

Acceleo Pro Traceability [35] is a traceability tool de-
veloped by Obeo that handles traceability links between
model elements and code and vice versa. This tool en-
ables round trip support; updates in the model or the
code are reflected in the connected artefacts. Analyses
are also available using the traces as input, but since
this is a commercial tool, restricted information describ-
ing the solution is available. It seems to be based on
similar ideas that are used in MOFScript where model
elements are traced to exact positions in files. traceMain-
tainer, which was mentioned earlier, provides support for
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maintaining trace-links between versions of UML mod-
els, based on a set of patterns derived from changes to
UML models.

There is as of yet limited reported results on empir-
ical studies of traceability in MDE; the MODELPLEX
project* and the AMPLE project® are investigating us-
ing different kinds of trace-links in a number of industrial
applications of MDE.

3 Identification of trace-links in MDE

In this section we focus on the problem of identification
of trace-links in MDE. The key question that we aim to
address in this section is: What kinds of trace-links do
we want to represent and encode in MDE? This question
can be answered in two ways: by identifying the kinds
of trace-links of interest in general; that is, in an arbi-
trary project; and by identifying the kinds of trace-links
of interest in the specific, for a given set of models. The
former is particularly valuable as it helps in the process
of deriving requirements for storage of trace-links, main-
tenance of trace-links, and generation of trace-links, as
well as providing some indication of what information
needs to be encoded for each kind of trace-link. This, in
turn, helps us understand and capture the semantics of
trace-links.

The number and different kinds of trace-links in MDE
is large, in part because of the large number of potential
applications for traceability [49]; many different kinds of
case- and domain-specific trace-links have been identified
[1,42,44]. When confronted with a large and potentially
complex set of related concepts that need to be under-
stood, a common approach is to produce a classification,
where the structure provided by the classification helps
to promote understandability and identify commonali-
ties (and points of variation). Classifications, and their
study, are widespread in scientific endeavour [7,32], and
are widely used in software engineering, e.g., for under-
standing human error in safety critical systems [33], or
for understanding taxonomies in Wikipedia [55].

Classifications of the different kinds of trace-links in
MDE have therefore been produced and presented in the
literature. For example, classifications given in terms of
scenarios of use of traceability are proposed by [41,53].
Classifications in terms of specific domains have been
produced by [44] for requirements engineering, for busi-
ness applications [46], and for usability and accessibility
[43]. These classifications emphasise different attributes,
characteristics, and viewpoints (ranging from conceptual
models to concrete designs that can form the basis of
an implementation) on traceability. In particular, two
categories of classifications can be identified in the lit-
erature: classifications that focus on explicit trace-links
(which are captured directly in models themselves using

4 www.modelplex-ist.org

5 www.ample-project.net

a suitable concrete syntax, such as UML dependencies),
and such that focus on implicit trace links, where trace
information is generated or arises due to application of
one or more model management operations such as a
transformation or model comparison.

Whereas a number of trace-link classifications (in-
cluding ones for MDE) have been presented in the liter-
ature, there is little guidance on how to systematically
build them. Since trace-link classifications will be used
to support decisions about trace-link maintenance, gen-
eration and evolution, and these decisions will impact
the technological decisions that are made about sup-
porting MDE processes, these classifications are critical
artefacts and guidance for their creation would be help-
ful. Guidance in the form of a process for engineering
trace-link classifications would be helpful, not only for
building new — perhaps domain-specific — classifications
in the first place, but also for evolving and maintain-
ing trace-link classifications as requirements change: for
example, as new MDE operations become available, as
the languages being used evolve, and as new stakeholder
requirements for applications of traceability arise.

We have developed guidance in the form of a pro-
cess for constructing trace-link classifications; the pro-
cess is derived from one in [9], for classifying kinds of
model-based contracts. The process is called the Trace-
ability Elicitation and Analysis Process (TEAP). Its aim
is to elicit and analyse traceability relationships within
an MDE process, in order to determine how these rela-
tionships should fit into a trace-link classification.

We now describe the process in more detail, and then
give an example how the process has been used to iden-
tify and classify trace-links in the context of a large Eu-
ropean project, EU4All. A second example is presented
in Section 5, where we also show how to encode example
trace-links.

TEAP is an iterative process, consisting of three main
activities: Elicitation, Analysis, and Classification (out-
lined in Table 1). Elicitation involves studying the do-
main and available scenarios to help identify new trace-
links; Analysis involves developing understanding of the
new trace-links’ semantics and their relationship to other
trace-links; and Classification involves structuring the
consolidated set of existing trace-links, and new trace-
links.

When applying TEAP, we typically bootstrap from
an existing trace-link classification—for example, [41,44,
53]. Such classifications typically provide basic infras-
tructure, such as the notion of a trace-link and mod-
elling elements, upon which to gradually introduce fur-
ther structures. Existing classifications are iteratively
and incrementally refined over a number of TEAP cycles.
Each cycle enriches the existing classification based on
the scenarios used for analysis, and the key attributes of
trace-links that are of interest (e.g., date/time stamps).

6 www.eudall-project.eu
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l Activity [ Description ‘
Elicitation Identify new kinds of trace-links through domain and scenario analysis.
Analysis Understand relationships between new trace-links and
existing trace-links; identify constraints.
Classification Build and/or refine a classification.

Table 1 TEAP activities

Should new scenarios or requirements arise, the classifi-
cation can be evolved to accommodate these changes by
carrying out further TEAP cycles.

TEAP is also a triggered process; the triggers for
executing TEAP cycles are:

— a new model management operation has been de-
fined, in which case cycles should be executed in or-
der to refine the classification

— the system development process has changed; thus,
cycles should be executed in order to refine how we
handle model management workflows (e.g., orches-
trations of transformations, code generation steps).

— one or more modelling languages have changed to in-
clude new model relationships, or changed model re-
lationships, in which case cycles should be executed
in order to refine and extend the explicit link classi-
fication.

8.1 Example: applying TEAP to building a classification

We now give a concise example of applying TEAP to
building a classification. The example is based on re-
quirements for provision of traceability in a large Euro-
pean project; a second example is given in the sequel.

The example comes from a large-scale project that
is, at least partly, applying MDE techniques and tools:
the European Approach for Accessible Lifelong Learning
(EU4ALL). This project is focused on providing a gen-
eral service framework to support people with disabili-
ties and older adults in lifelong learning endeavours. This
project comprises several international partners includ-
ing the University of York, the Open University in the
UK and Universidad Nacional de Educacién a Distancia
(UNED) in Spain along with several education and user
group representatives.

The emphasis is on understanding the different ser-
vices that are required by these distinct user groups and
what are the requirements for those services. Due to
this, the project conducted extensive elicitation activi-
ties from both students and educational professionals re-
garding their preferences and needs for educational sys-
tems. This resulted in a massive collection of non-model
artifacts, with quantitative survey data, personal inter-
views and focus groups all yielding results that needed
to be incorporated into the final requirements. From the
initial data collection, the following steps were under-
taken by the requirements team:

1. Each data source (survey, interviews, focus group)
was divided into smaller subsections of data that
were then categorized by the topic addressed by that
subsection. These are referred to hereafter as topic
notes.

2. Topic notes were analysed both within categories and
across categories to produce a comprehensive set of
user goals.

3. User goals were grouped together to produce service
classifications and goal models.

4. User requirements were written for service classifica-
tions.

As can be seen, the various artefacts produced in
the project were pre-requirements specification, lending
evidence that this process can be used over the entire
lifecycle of a development process, providing true end-
to-end rich traceability.

The EU4All classification was produced in several it-
erations, where each iteration was triggered by one of the
conditions mentioned earlier. Firstly, an initial structure
was constructed for recording basic information. In this
case, the basic structure was extremely simple, connect-
ing user goals to original data sources. Implicit trace-
links were considered, but the application of automated
model management operations was not deemed neces-
sary at that time; thus, the classification did not include
such links. Finally, in the last TEAP iteration, informa-
tion for explicit trace-links was added, including infor-
mation to be recorded between models (i.e., model-model
relationships) but particularly between models and non-
model artefacts.

Within this classification, we produced the following
key kinds of trace-links in the classification:

— satisfies links relate sets of requirements to particular
user goals represented in the user goal model

— refine links relate the user goal model to the topics
covered by the requirements elicitation activity out-
comes

— support links relate the goal model to the actual goals
generated from the analysis of the requirements

This system of trace-links provides means of linking
the goal model forward to the requirements generated
by the project while also linking the model back to the
originating material that was generated from the stake-
holders.
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Fig. 1 Snapshot of traceability classification for the EU4ALL project

4 Encoding trace-links

The previous section focused on the problem of how
we can identify trace-links in the context of an MDE
process. In this section we focus on how we propose
to encode trace-links, so that the trace-links become
amenable to manipulation by tools. Thus, we focus on
how to define trace-links with tool-supported semantics.

First, it is important to define precisely what is meant
by semantically rich trace-links. Semantically rich trace-
links possess three characteristics:

1. They are typed.

2. They conform to a case-specific traceability meta-
model.

3. The case-specific metamodel should be accompanied
by a set of case-specific correctness constraints, which
express validity requirements that cannot be cap-
tured by the metamodel itself.

The combination of typing, a case-specific traceability
metamodel, and case-specific correctness constraints pro-
vide a means of encoding the semantics of trace-links in
a way that supports manipulation by tools. In the fol-
lowing sections, we will explain briefly why these three
characteristics are important, and how trace-links which
possess these characteristics can be developed.

4.1 Typed Trace-links

To support automated manipulation of traceability in-
formation, trace-links should be typed. In this way, the
various semantic heterogeneities among the different trace-
links can be captured, hence richer and more precise
analysis and reasoning (human or computerized) can
be facilitated. Additionally, creation of illegitimate links
can be prevented. For example, consider the case where
we need to define a trace metamodel which allows the
establishment of trace-links between instances of A from
metamodel MMa and instances of B from metamodel
MMb, but no links between two instances of A or two
instances of B. By specifying the typed link A-to-B, the
user avoids the generation of the invalid link between two
instances of A or two instances of B. These link types are
specific to creating mappings between metamodels MMa
and MMb and have a meaning only in this context.

We and others have argued [23,26] that trace-link
kinds should be defined in a case-specific trace meta-
model, in order to enable richer, case-specific analysis.
We discuss this in more detail in the next section.

4.2 Case-Specific Traceability Metamodel

In the spirit of MDE, the models which contain the trace-
ability information should also conform to a metamodel.
The argument for this is uniformity and standardisation:
if traceability information is also a model, then standard
MDE tooling can be used to process (e.g., transform, val-
idate, verify, analyse, visualise) this information. To ac-
complish this, there are two approaches: use of a general
purpose trace metamodel or use of multiple case-specific
trace metamodels. In the case where a general purpose
trace metamodel is used, a trace-link can connect any
number of elements, of any type and in any model. How-
ever, we have argued above that such freedom is not al-
ways desirable, because the establishment of illegitimate
traceability links cannot be prevented. Additionally, a
general purpose trace metamodel cannot capture case-
specific traceability information with rigorously defined
case-specific semantics. For example, in the case where
we want to represent trace-links between a class diagram
and a relational database model, and we know that links
exist between classes of the former model and tables of
the latter, a generic trace metamodel would allow the
establishment of illegitimate links such as class—column
links.

On the other hand, a case-specific trace metamodel
can be defined for each traceability scenario. Such a
metamodel can capture case-specific trace-links with well-
defined semantics, that potentially include case-specific
correctness constraints. Due to the case-specific seman-
tics of the trace metamodels, as well as due to their typed
nature, they can prevent users and tools from establish-
ing illegitimate traceability links. Additionally, the trace
models which conform to such metamodels can be ana-
lyzed in a more rigorous manner.

An example of case-specific trace information is the
link rationale associated with particular types of trace-
links. A description of a trace-link’s <<raison d’étre>>,
as well as the assumptions made behind its creation, can
provide additional information about its validity. The
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rationale behind a trace-link should capture why a link
exists, the assumptions under which the link is valid, and
the various alternatives and argumentation behind the
choice of one of those alternatives. Additionally, link ra-
tionale can support accountability of trace-links. While
this concept could be represented in a general-purpose
trace metamodel (i.e., as a metaclass), such an approach
would not let us easily encode case-specific information
that supports rigorous analysis — we would have to en-
code case-specific information using general concepts such
as strings, or other primitive datatypes, thus making
analysis more difficult to carry out.

Despite the fact that case-specific trace metamodels
require some effort to construct, and also some extra ef-
fort to support the direct communication of tools with
heterogeneous trace metamodels, we argue that the def-
inition of such metamodels can provide flexibility and
specificity for supporting analysis, as well as the po-
tential for automatically generating parts of traceability
tools, in a way that is beneficial to a system development
project.

4.8 Correctness Constraints

Apart from the aforementioned type safety, there are of-
ten additional constraints that need to be specified that
the trace metamodel cannot capture by itself. For exam-
ple, in the context of the previous example, an additional
constraint may be that for each instance of A from MMa
there exists one and only one A-to-B link, that links
it with an instance of B from MMb. Such a constraint
can be specified using a constraint language which sup-
ports the expression of cross-model constraints (where
the models may conform to different metamodels). The
Object Constraint Language [36] currently lacks such ca-
pabilities as it does not provide constructs for express-
ing inter-model constraints”. Exemplar constraint lan-
guages that support establishing inter-model constraints
include the Epsilon Validation Language (EVL) [13] and
the XLinkit toolkit [8].

4.4 Example

In this section, we give a concise example of how to define
and encode semantically rich trace-links. A further, more
realistic example, follows in Section 5.

The aim of this example is to demonstrate how trace-
ability information can be captured between a compo-
nent model and a class model. Such a scenario can arise
in a Component-Based Development Environment, where
class diagrams are used to refine the architecture spec-
ified by component diagrams into a concrete design. In

7 OCL could be used for this purpose by combining the
source, target and trace metamodels and applying OCL ex-
pressions to models that conform to this unified metamodel.

this example, we use two simple metamodels, the Class-
Metamodel and the ComponentMetamodel, which are il-
lustrated at the top and bottom of Figure 2 respectively.
Our aim is to capture traceability links between mod-
els which conform to those two metamodels, i.e. the
ComponentModel and the ClassModel. The trace model
which will hold the trace information is the Compo-
nentClassTraceModel and conforms to the Component-
ClassTraceMetaModel. More precisely, we want to trace
instances of Package from the ClassMetamodel and in-
stances of Component from the ComponentMetamodel.
Additionaly, we want to capture links between instances
of Method from the ClassMetamodel and instances of
Service from the ComponentMetamodel. Finally, the fol-
lowing exemplar constraints must be satisfied by the
trace model (ComponentClassTraceModel):

— (C1) For each instance of Service in the Component-
Model there is exactly one instance of ServiceMethod-
TraceLink in the ComponentClassTraceModel that
links it with an instance of Method in the Class-
Model.

— (C2) If an instance of a Service in the Component-
Model is linked to an instance of a Method in the
ClassModel via a ServiceMethodTraceLink, then the
component in which the service is defined must also
be linked with the Package in which the Class that
contains the Method is defined.

The first step of the solution is to define the Class-
ComponentTraceMetamodel case-specific traceability me-
tamodel that is displayed as a shaded package in the
middle of Figure 2. The metamodel specifies a Trace-
Model container, an abstract TraceLink class, and the

ComponentPackage TraceLink and ServiceMethod TraceLink

classes that extend TraceLink. The ComponentPackage-
TraceLink defines two references: the package reference
of type Package, and the component reference of type
Component, from the respective metamodels. Similarly,

the ServiceMethod TraceLink defines the service and method

references which are of type Service and Method respec-
tively. By specifying explicitly the supported traceabil-
ity links, we pre-empt establishment of illegitimate links
(e.g. tracing a Component to a Method).

However, the metamodel cannot enforce the addi-
tional constraints C1, C2 by itself. To express and en-
force such constraints, we use EVL [13], which, as we
discussed earlier, is an OCL-like constraint language ap-
plicable to inter-model constraints.

In Listing 1 constraint C1 applies to all instances
of Service in the ComponentModel and in line 5 it cal-
culates the number of ServiceMethodTraceLink in the
ComponentClassTraceModel that link the Service with
a Method from the ClassModel. In line 6 it returns true if
exactly one trace-link is found and false otherwise. Then
in line 9 it reuses the count variable calculated in the
check part of the constraint to generate an appropriate
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error message according to whether zero or more than

one trace-links have been found.

Listing 1 Constraint C1 expressed in EVL

1 context ComponentModel!Service {
constraint C1 {
check {
var count

2
3
4 := ComponentClassTraceModel!

ServiceMethodTraceLink.
all.select(sml|sml.service

return count = 1;

o

self) .size();

3

10

11

not

7 }

8

9 message {

10 if (count = 0) {

11 return ’Service ’ + self.name + ’ does
trace to a method’;

12 }

13 else {

14 return ’Service ’ + self.name + ’ traces to
many methods’;

15 }

}

16

17}

In Listing 2 constraint C2 is evaluated against all in-

stances of ServiceMethodTraceLink in the Component-
ClassTraceModel and checks that there exists at least
one ComponentPackageTraceLink that links the compo-
nent in which its service is defined with the Package in
which the class that contains the method is defined.

Listing 2 Constraint C2 expressed in EVL

1 context ComponentClassTraceModel!
ServiceMethodTraceLink {

2 comnstraint C2 {

check : ComponentClassTraceModel!
ComponentPackageTracelLink.all
.exists(cpl|self.service.component
component
and self.method.owner.package cpl.package)
message ’The package in which method °’
+ self.method.name + ’ is defined does not
trace ’

cpl.

+ ’to the component in which service ’
+ self.service.name + ’ is defined’

}
}

In this example we have demonstrated our approach
on a simple but representative example. To establish rig-
orous trace-links between elements of the exemplar Com-
ponentMetamodel and ClassMetamodel we have intro-
duced a new metamodel (ComponentClass TraceMetamo-
del) in which every legitimate type of traceability link
is represented as a separate metaclass that contains ref-
erences to the types of elements it can link. Moreover,
we have demonstrated that additional constraints which
cannot be captured by the traceability metamodel are
necessary for rigorously specifying legitimate traceabil-
ity links, and shown how such constraints can be cap-
tured using a constraint language (EVL) that supports
accessing multiple models simultaneously.

4.5 Summary

The combination of a typed case-specific trace meta-
model with inter-model constraints that can be checked
automatically prevents users and tools from establishing
trace-links without meaning. As well, such an approach
enables trace-links that can be automatically validated
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and analyzed to discover potential omissions and incon-
sistencies. Such inconsistencies can arise either during
the establishment of the trace-links or later on in the
lifecycle of the models among which traceability links
have been established.

Through experimentation with defining a number of
case-specific trace metamodels we have identified a set of
recurring patterns both in terms of the structure of the
metamodels and in terms of the additional constraints
that guarantee the semantic integrity and completeness
of the trace models. A description of these recurring
patterns can be found in [34]. The existence of recur-
ring patterns hints that a higher-level of abstraction is
potentially beneficial for defining trace metamodels. By
this rationale, we have developed the Traceability Meta-
modelling Language (TML) [34], a domain specific lan-
guage which promotes the identified patterns into first-
class artefacts and which is dedicated to the construction
of trace metamodels with the aforementioned charac-
teristics. Currently, TML supports only model-to-model
traceability, but we are working on extending this lan-
guage to support traceability among all kinds of artefacts
created throughout a MDE process.

In the next section, we will present a more realis-
tic example, which demonstrates both identification, and
encoding of trace-links.

5 Example: identifying and encoding trace-links

We now present an example where we show how to iden-
tify and encode semantically rich trace-links. The exam-
ple thus illustrates the use of both key contributions of
the paper: the traceability elicitation and analysis pro-
cess (Section 3), and the encoding scheme presented in
Section 4.

Our example comes from requirements for traceabil-
ity from the European project MODELPLEX, which is
using MDE for building, maintaining and analysing com-
plex systems. MODELPLEX is a 40-month integrated
project, with a mandate to improve productivity in the
development of complex systems through the use of MDE.
The project is driven by case studies from four industrial
partners — SAP, Telefonica, Western Geco, and Thales
Information Systems — providing real complex system
scenarios, to which MDE technology (e.g., architectural
modelling, model transformation, performance analysis,
simulation, model composition) is to be applied. Each
case study has concrete traceability requirements, which
were developed iteratively and incrementally during the
first phase of the project. These can be summarised as
follows.

— The ability to record trace-links that result from ap-
plying model management operations: model-to-model
(M2M) transformations, model-to-text (M2T) trans-

formations, compositions, simulations, and refinements.

— The ability to manually create trace-links between
MDE artefacts, e.g., between an architectural model
and a use case model, between a weaving model and
a design model. Manual creation of trace-links can in-
volve modelling tools, or the use of a textual domain-
specific language tailored for one or more of the case
studies.

— the ability to (typically manually) create trace-links
between MDE artefacts (e.g., models) and non-MDE
artefacts (e.g., requirements stored in a MANTIS
repository, PDF documents). This is a necessary re-
quirement as some of the MODELPLEX partners did
not use MDE technologies in their everyday practice
at the start of the project; moreover, non-MDE arte-
facts will always play a substantial role in the MDE
process — for example, for early requirements elicita-
tion and description.

— the ability to store and retrieve trace-links from a
repository.

We used TEAP to produce a classification for the
kinds of trace-links for MODELPLEX. The classifica-
tion was produced in several iterations, where each iter-
ation was triggered by one of the conditions mentioned
in Section 3. Firstly, an initial structure was constructed
for recording basic information: artefacts and links be-
tween them. This structure was represented as a trivial
metamodel, based on [53]. Next, information for implicit
trace-links was added, focusing on trace information to
be recorded as a side-effect of carrying out a model man-
agement operation (particularly M2M and M2T trans-
formation, which were the most widely used operations
throughout the MODELPLEX project). In the third it-
eration, information for explicit trace-links was added,
focusing on trace information to be recorded between
models (i.e., model-model relationships) and between
models and artefacts (such as informal requirements).
This refinement populated the classification with con-
crete kinds of trace-link such as:

— consistent-with links, where two model elements must
remain consistent with each other, e.g., an activity
and a class.

— dependency links, where the structure and meaning
of one set of model elements depends on a second set.

— satisfies links, to indicate that properties or require-
ments captured in an artefact are satisfied by a model.
Variants on satisfies links include verifies links (which
involve a specific mechanism, such as testing) and
certifies links (which also link to external standards
and arguments for safety or security).

— allocated-to links, used when information in a non-
model artefact is allocated to a specific model ele-
ment that represents the information.

— refines links, where the behaviour of one model ele-
ment is refined (and is specified in more detail) by a
second model element.
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In practice, these different kinds of trace-links were iden-
tified and added to the classification over the course of
several short iterations.

A snapshot of the MODELPLEX traceability classi-
fication (focusing specifically on the explicit trace-links)
is shown in Fig. 3. This structure is part of a larger
traceability classification that also includes the implicit
trace-links and basic infrastructure mentioned above. A
fuller presentation can be found in [42].

Within the MODELPLEX project, there were sev-
eral pre-determined milestones, and as each milestone
approached it became necessary to produce and deliver
concrete, prototypical tool support for specific scenarios
of traceability, in order to support modelling of traceabil-
ity information, and to support completeness analysis for
requirements traceability. The traceability classification
was presented to the MODELPLEX partners, and spe-
cific trace-links of value were identified as candidates for
implementation to support requirements traceability. We
now describe an example of selecting and implementing
MODELPLEX trace-links, using the traceability scheme
presented in Section 4.

5.1 Setting up the Context

The example we present focuses on an early milestone in
the project, where requirements traceability needed sup-
port. Providing this support entailed identifying the spe-
cific artefacts that required traceability support, identi-
fying the kinds of trace-links needed, and implementing
these trace-links using the scheme presented in Section 4.
We summarise the first step in this section, and describe
the final two steps in Section 5.2.

In the requirements engineering (RE) literature, the
RE effort is divided in two broad phases, the early-phase
and the late-phase [54]. The early-phase activities in-
clude those that consider how the intended system can
be integrated in the organisation, how it can meet the
organisational goals, why the system is needed, what al-
ternatives exist, etc. The emphasis of this phase is on un-
derstanding the various “whys” that underlie the system
requirements rather than on “what” the system should
do. The knowledge obtained from the early-phase activi-
ties will be used to guide the activities in the later phases
of the software development.

In contrast to the early-phase of RE, the late-phase
focuses on coming up with a detailed requirements spec-
ification as well as on the completeness, consistency, and
automated verification of this specification. Following
[54], it is argued that because early-phase RE activi-
ties have different objectives and goals from those of the
the late-phase ones, it is appropriate to have different
modelling support for the two phases.

According to [3], the i* framework [54,21] is well
suited for early-phase requirements capture, while the
Unified Modelling Language (UML) [37] can be used

for late-phase requirements capture. UML is not ade-
quate to deal with early requirements capture and anal-
ysis, since it cannot describe and evaluate alternatives
and their relationship to organisational objectives. In-
stead, the i* framework can be used , since it allows
for a better description and reasoning of the various or-
ganisational relationships among the agents of a system
as well as the understanding of the rationale of the de-
cisions taken. Hence, both UML and the i* framework
can be used complementarily to support the entire RE
phase. However, since different notations will be used to
represent different but possibly overlapping views of the
system, traceability information must be captured and
maintained among the different views.

i* [21,54] is a modelling framework which focuses on
the strategic actor relationships. In contrast to modelling
languages like UML or Entity-Relationship diagrams, i*
provides abstractions which are capable of expressing
organisational relationships among the various organi-
sational agents and the rationale behind the various de-
cisions taken. The various participants of the organisa-
tional setting are actors with intentional properties such
as goals and beliefs. These actors depend on each other
in order to fulfill their objectives and have their tasks
performed. The i* framework consists of two models:
the Strategic Dependency (SD) model and the Strategic
Rationale (SR) model.

The SD is a graph whose nodes represent the system
actors and the vertices represent dependency relation-
ships among the various system actors. The goal of an SD
model is to capture the motivation and the rationale of
actor’s activities. An SD model distinguishes four types
of dependencies; goal dependencies, task dependencies
and resource dependencies. Furthermore a goal can be
either a hard goal or a soft goal. In the RE literature, a
soft goal is a goal, which cannot be precisely defined. A
soft goal is similar to a hard goal except that the crite-
ria for whether a soft goal is achieved are not clear-cut
and a priori. In a goal dependency, an actor depends
on another actor for the fulfillment of one goal. In a re-
source dependency, an actor depends on another actor
for a resource, while in a task dependency an actor de-
pends on another actor to carry out a task. Actors can
be classified into agents, roles and positions. An agent
is an actor with a concrete physical existence. A role is
an abstract characterisation of the behaviour of a social
actor within some specialised context, while a position
is a set of roles of a single agent. A simplified metamodel
for an SD model can be found in figure 4.

Late requirements can be expressed in languages such
as UML, using, e.g., class diagrams. In the context of RE,
a class diagram can be thought of as a conceptual model
of the system under consideration. It describes the var-
ious entities involved in the system, their relationships,
the domain model constraints, the system scope as well
as the domain-vocabulary. Hence, it provides a struc-
tural view of the system under consideration and it can
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Fig. 3 Snapshot of part of a traceability classification of explicit MDE links

be complemented by other dynamic views, such as Use
Case Models [37]. An example of a class diagram meta-
model is in Figure 5.

The metamodels in Figures 4 and 5 capture the arte-
facts that were to be traced. In the next section we de-
scribe the kinds of trace-links that were required, and
how they relate to the MODELPLEX classification of
Figure 3. Then we explain how to implement these trace-
links.

5.2 Applying the Approach

The following kinds of trace-links, relating the require-
ments models presented in Figures 4 and 5, were identi-
fied. Two specific trace-link types in Figure 3 were found
to be useful.

— consistent-with trace-link: instances of the Actor class
in the i* framework will be mapped to instances of
the Class class in the OO model.

— consistent-with trace-link: a Task in a SD model will
be mapped to an Operation of the relevant class in
the OO model.

— consistent-with trace-link: instances of the Resource
class in the i* framework will be mapped to instances
of the Class class in the OO model.

— refines trace-links: instances of the HardGoal class
and instances of the SoftGoal class in the i* frame-
work will be mapped to instances of the Attribute
class, which belong to relevant classes in the con-
text class diagram. Since this context class diagram
is part of the late-phase of RE, the recording of the
various domain entities’ goals and their satisfaction
in the form of class attributes is considered to be
beneficial.

In practice, we found that consistent-with trace-links
were used frequently for capturing relationships between
early artefacts, e.g., conceptual models and early require-
ments. Relationships between later artefacts (e.g., archi-
tectural models, implementations) generally involved dy-
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namic trace-links and uses trace-links, amongst others.
Further experiments and applications will be required to
fully clarify the scope of applicability of different kinds

of trace-links.

‘We now implement these trace-links, using the scheme

in the SD metamodel and one in the sample OO meta-
model. These trace-links as well as the associated ref-
erences are illustrated in figure 6. By explicitly specify-
ing these typed links, we manage to capture information
which can be used to prevent the establishment of illegit-
imate links or for performing analysis over the traceabil-

of Section 4. The first Step is to define the IStarOOT’r‘aCCMetajty information throughout the development lifecycle.

model. This metamodel specifies the TraceModel class,
which acts as a container for the various trace-links.

Additionally, the following constraints must be sat-
isfied by the trace models.

Additionally, the TraceLink abstract class is specified,
which is extended by the various case specific trace-link

classes. Namely, it is extended by the ActorClassTraceLink
class, the TaskOperationTraceLink class, the Resource-
ClassTraceLink class, the HardGoalAttribute TraceLink
class and finally the SoftGoalAttribute TraceLink class.
Each one of these classes specifies two references, one

— (C8): For every HardGoalAttribute TraceLink, the At-
tribute end of the link must be of type Boolean. This
is because hard goals are well defined, hence it is al-
ways possible to establish if one has been fulfilled or
not.
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— (CA4): For every SoftGoalAttribute TraceLink, the At-
tribute end of the link must be an Enumeration. This
is due to the fact that soft goals are not well de-
fined. They can only be satisfied to some degree and
the different values of the Enumeration represent the
different degrees of soft goal fulfillment.

— (C5): For every ActorClassTraceLink, the name of
the Actor reference and the name of the Class ref-
erence should be the same. This constraint will not
produce an error when it is violated but a critique.
That is, this constraint checks for a non-critical issues
that should nevertheless be addressed by the user.

— (C6): Similarly to C5, for every ResourceClassTraceL-
ink, the name of the Resource reference and the name
of the Class reference must be identical.

Similarly to the previous example, we use EVL to im-
pose the aforementioned constraints. In Listing 3, con-
straint C3 applies to all instances of the HardGoalAt-
tribute TraceLink in an IStarOOTraceModel. In line 3, a
guard is defined, which checks if an attribute end is de-
fined for the instance of the HardGoalAttribute TraceLink.
In EVL, a guard limits the applicability of a constraint
to a narrower subset of instances of its specified type.
Hence, if the guard fails, namely no attribute end is
defined for the particular link instance, then the con-
tained invariant will not be evaluated. Line 4 returns
true if the attribute reference of the HardGoalAttribute-
TraceLink link is of type Boolean and false otherwise. If
line 4 returns false, that is if the attribute reference of
the HardGoalAttribute TraceLink link is not of the type
Boolean, then an appropriate error message is produced
in line 5.

Listing 3 Constraint C3 expressed in EVL

context IStarOOTraceModel!
HardGoalAttributeTraceLink {
constraint C3 {
guard : self.attribute.isDefined()
check : self.attribute.type = OOMetamodel!
PrimitiveType#"’Boolean’"
message : ’Attribute ’ + self.attribute.
name + ’ should be of type Boolean’
}
}

Constraint C4 works in a similar manner. The EVL
code for constraint C4 is illustrated in Listing 4. Con-
straint C4 applies to all instances of the SoftGoalAt-
tribute TraceLink in an IStarOO TraceModel . Line 3 de-
fines a guard, which checks if an attribute end is de-
fined for the instance of the SoftGoalAttribute TraceLink.
If line 5 returns false, that is if the attribute end of a Soft-
GoalAttribute TraceLink is not an Enumeration, then an
error message is produced in line 7.

Listing 4 Constraint C4 expressed in EVL

context IStar00TraceModel!
SoftGoalAttributeTraceLink {

constraint C4 {

2

3 guard : self.attribute.isDefined()

4

5 check : self.attribute.isType0Of(
OOMetamodel !Enumeration)

message : ’Attribute ’ + self.attribute.

name + ’ should be of type Enumeration
)

8 3

9 }

In Listing 5, a critique is evaluated against all in-
stances of the HardGoalAttributeTraceLink in a ISta-
rOOTraceModel. It checks if the attribute reference of
an instance of the HardGoalAttribute TraceLink has the
same name as the hard goal reference of the same link.
If they do not have the same name, a warning message
is produced by line 7. In Listing 6, a similar critique is
evaluated against all instances of the SoftGoal Attribute-
TraceLink in an IStarOOTraceModel.

Listing 5 Critique C5 expressed in EVL

1 context IStar0O0TraceModel!ActorClassTraceLink
{
critique C5 {
guard : self.attribute.isDefined() and
self.hardGoal.isDefined ()

check : self.attribute.name.toLowerCase
() = self.hardGoal.name.toLowerCase
O
6
7 message : ’ The name of the attribute ’

+ self.attribute.name + ’ and the
name of the hard goal ’ + self.
hardGoal.name + ’ do not match’

s

9}

Listing 6 Critique C6 expressed in EVL

1 context IStar00TraceModel!
ResourceClassTraceLink {

2 critique C6 {

3 guard : self.attribute.isDefined() and

self.softGoal.isDefined ()

5 check : self.attribute.name.toLowerCase
() = self.softGoal.name.tolLowerCase
O

6

7 message : ’ The name of the attribute ’

+ self.attribute.name + ’ and the
name of the soft goal ’ + self.
softGoal.name + ’ do not match’

8
9 }
As with the previous example, to establish traceabil-

ity links between the SD metamodel of the i* framework
and a sample OO metamodel, we have introduced a new
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Fig. 6 IStarOOTraceMetamodel

case specific metamodel, namely the IStarOO TraceMeta-
model. In this metamodel, every legitimate type of trace-
ability link is represented as a metaclass, which contains
references to the types of elements it can link. Addi-
tionally, constraints which cannot be captured by the
metamodel are represented using EVL.

6 Conclusions and future work

We have provided insights into an approach for identify-
ing, defining and implementing semantically rich trace-
links in MDE, and have illustrated the approach with
examples. Our contributions are two-fold. Firstly, we
showed a means for identifying trace-links in an MDE
process through a traceability elicitation process. The
process was validated by illustrating how it has been
used in two-large scale projects, to determine and clas-
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sify trace-link requirements. Secondly, we illustrated a
way to define and implement such trace-links. Our ap-
proach is based on providing typed trace-links that con-
form to case-specific metamodels. The semantics is en-
riched by provision of case-specific validity constraints.
We implemented the overall approach using the Epsilon
model management platform.

We are continuing our work in two main directions.
We are exploring larger, richer case studies, particularly
in the requirements domain — where we are analysing
and implementing trace-link support for different goal-
oriented modelling languages. These case studies will
also give us the opportunity to validate trace metamod-
els with respect to user requirements. As well, we are
working on providing richer tool support for trace-link
definition and implementation, partly through our Trace-
ability Metamodelling Language [34]. Further, we are
providing tool support for managing very large collec-
tions of trace-links, which may arise in managing large
heterogeneous models.
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