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Introduction 

This is the fifth Traceability Workshop organised in the context of the ECMDA 
conference series. For this year’s workshop we received 10 papers and accepted 7 of 
them, after detailed review and revision. The focus of the papers spanned from the 
quite theoretical to implemented solutions for practical problems. 

We trust that the workshop papers, and the presentation of these, act as catalyst for 
constructive discussion both on the theoretical and practical aspects of traceability in 
model driven engineering. The number of submitted and presented papers indicates 
that the topic of traceability still is a focus within the community. From last year’s 
workshop the message taken away by the organising committee was that industrial 
adoption of traceability techniques and theories was still hindered by lack of mature 
tools and standardisation. During this year’s workshop we would like to revisit these 
topics, among others, to see if there has been improvement on these areas.  

With this we wish you all a fruitful workshop. 

Acknowledgment: The organisation of the ECMDA-TW workshop was made 
possible through the MODELPLEX† project (IST Project 34081). 

  – ECMDA Traceability Workshop Organising Committee, June 2009. 

                                                          
† This work is a result from the MODELPLEX project co-funded by the European 
Commission under the “Information Society Technologies” Sixth Framework 
Programme (http://www.modelplex-ist.org/). Information included in this document 
reflects only the authors’ views. The European Community is not liable for any use 
that may be made of the information contained herein. 
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Semi-automated Traceability Maintenance:
An Architectural Overview of

traceMAINTAINER
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Abstract. traceMAINTAINER is a tool that supports an approach for
maintaining post-requirements traceability relations after changes have
been made to traced model elements. The update of traceability relations
is based upon predefined rules, where each rule is intended to recognize
a development activity applied to a model element. Little manual effort
or interaction with the developer is required. traceMAINTAINER can
currently be used with a number of commercial software development
tools and enables the update of traceability relations stored within these
tools. This paper provides an overview of traceMAINTAINER’s archi-
tecture and major components.

Keywords: Traceability, evolutionary change, development activity recog-
nition, rule-based traceability maintenance.

1 Introduction

Traceability links support stakeholders to understand existing relations and de-
pendencies between artifacts created during the development of a system. Trace-
ability links are among others used (a) to validate the implementation of require-
ments, (b) to analyze the impact of changing requirements, (c) to store design
decisions and (d) to support regression tests after changes. To ensure all these
benefits it is necessary to have a complete and correct set of traceability links
between the established artifacts. That requires not only the creation of links
during the initial development, but also the maintaining of these links after
changes or evolution of connected artifacts. The large number of links even for
small developments demands effective method and tool support for these tasks.
Several authors (Ramesh and Jarke [1], Arkley et al. [2]) found the necessity to
establish and maintain traceability manually to be the main reason for it’s rarely
usage in industrial projects.

traceMAINTAINER supports the (semi-)automated update of traceability
relations between requirements, analysis and design models of software systems
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expressed in UML ([3], [4]). It can update traceability relations with little manual
effort, a commonly cited barrier to traceability use within industry ([1], [2]). This
is possible by analyzing elementary change events that have been captured while
working within a third-party UML modeling tool. Within the captured flow of
events, development activities comprised of several events are recognized. These
development activities are expressed as predefined rules. Rules consist of masks
requiring an event with certain properties. Once recognized, the corresponding
rule gives a directive to update impacted traceability relations to restore consis-
tency.

The traceMAINTAINER prototype implements our approach and all the
underlying concepts, described and discussed in [3] and [4]. The software has been
implemented with Microsoft Visual Studio .Net [5] and supports the following
general scenarios:

1. the analysis of a flow of change events according to a set of predefined rules
imported from a XML rule catalog;

2. the execution of necessary traceability updates after development activities
have been recognized;

3. the editing and validating of existing rules and the specification of new rules.

To support this scenarios in an efficient and evolvable way, the prototype
consists of multiple components (see Figure 1) and is designed with the ob-
jective of creating an implementation that is as independent as possible from
specific CASE tools. The central component, the rule engine, handles the activ-
ity recognition and computes maintenance directives. It provides an interface for
receiving new change events and requires an interface for querying and updating
traceability relations. The rule engine is deployable with every CASE tool that
allows capturing the necessary events for model elements and that allows further
to change and to establish traceability links from outside the tool.

Event 

Generator

Add-in

traceSTORE
Add-in

Change Events

Link Queries 
and Updates

UML Modeling Tool RuleEngine

:RuleCatalog

:EventController

:LinkUpdateManager

Rule 

Editor

Rules

:OpenActivityCache

:EventCache

Model

Traces

Fig. 1. Overview of the traceMAINTAINER components

The change event interface will be used by a tool-specific event generator
that recognizes changes to model elements and collects data about the changed
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element in order to create change events for the rule engine. The required query
and update interface also has to be implemented by a tool-specific adapter.
Depending on where the traceability relations are stored, the adapter gives access
to relations stored within the model or to an external relationship repository.
For the prototype, the additional traceSTORE repository has been implemented.
traceSTORE enhances the modelling tool and stores relations within the model,
but provides significantly more functionality in terms of traceability than the
modeling tool itself.

In addition, a rule engine reads a rule catalog stored in XML format. This
catalog can be edited and validated with a specific rule editor. Each of the major
components is described in the following subsection. A scenario of use can be
found in the next section.

2 Rule Engine

The rule engine is the main component of traceMAINTAINER. It consists of
an EventCache that holds a number of last incoming change events from the
event generator, an OpenActivityCache that holds all partly recognized activi-
ties for the events currently held in the EventCache and a LinkUpdateManager
that determines the necessary traceability maintenance actions for recognized
development activities. It depends upon the rule catalog for its operation (see
Section 5).

The rule engine has a single user interface intended for the normal user. This
is the interaction dialog that automatically pops-up in situations where a devel-
opment activity has been recognized, but not enough information is available to
carry out the traceability update completely automatically (see Figure 2). The
dialog provides detailed information about the recognized development activity
and the necessary update. The text can be customized within the rule catalog
as all the properties of events assigned to the recognized activity can be used to
build this description (e.g., names and types of changed model elements).

The dialog shows two list boxes separating the incoming and outgoing trace-
ability relations involved in the update context. Each row in these boxes repre-
sents an existing or potential new traceability relation. Pictograms depict exist-
ing relations and reflect decisions on desired update actions. They distinguish
relations that will remain, those that will be created and those that will be
deleted during the update depending on the decision of the user. Relations with
the same element on the target side are grouped together using the same back-
ground color. A group shows the relations residing on one or more update source
elements and allows the user to create these on the update target element(s).
The user can decide to keep (stay is the default and preselected action) or delete
existing relations on the source elements. For the target elements, the user can
decide to create or discard the relation. A decision on the proposed relations
without preselected actions determined is required to be able complete the up-
date (all box on the right hand side of relations must be ticked). In addition a
change of a proposed action by traceMAINTAINER is made possible, but not re-
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Development activity description

Possible update actions

Update visualization

Desired update action

Each row represents a traceability relation,
separated into incoming and outgoing relations

Fig. 2. The user interaction dialog is displayed in situations where an traceability
update cannot be carried out automatically

quired. Tooltips are provided when the user hovers over the elements to provide
additional information about elements and relations.

For more advanced users interested in the underlying approach, the rule
engine provides a status window that allows the user to observe the current
status of the EventCache and OpenActivityCache (see Figure 3). The window
consists of three list boxes. The left box gives a view of the events currently
in the EventCache. The right list box shows all the partly recognized activities
in the OpenActivityCache. The middle list box shows properties of events or
masks depending on the selected item in the EventCache (left box) or Open-
ActivityCache (right box).

The view on the OpenActivityCache (right box) shows all masks of currently
open activities and their current state. A mask might have already been assigned
to an event currently in the EventCache, so a click on this mask highlights the
assigned event in the EventCache (left box) and shows a merged list of expected
event properties defined within the mask and really assigned properties of the
event in the middle box. A mask might not be assigned yet but be comparable
to incoming events. A click on such a mask shows the required properties within
the mask for a matching event (middle box). A mask may not yet be comparable,
because references to other masks cannot be resolved as those other masks are
not assigned to an event yet.

Additional functions within the status window allow the user to reset both
caches and to add events stored in a file to the cache for testing purposes. A menu
further gives access to the settings. These allow the user to set the size of the
EventCache and to customize the functionality to persistently store all events
within the cache upon closing the current model and to restore them when re-
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Properties of events or masks
depending on a selection in the 
left or right listbox

Assigned mask (top)
Incomparable mask (middle)
Comparable mask (bottom)

Fig. 3. The status window allows to observe the EventCache and OpenActivityCache
of the rule engine

opening. Settings regarding the activity recognition allow to require a notification
on each recognized activity for demonstration and debugging purposes (guided
mode). It also allows to disable the deletion of all existing events within the
EventCache once a delete event for the same model element is triggered. The
settings on the traceability update allow to switch off the update when testing the
recognition part of the approach and to configure the user interaction dialog for
situations where either all relations already exist on the update target element or
only one relation is existent on the update source element. The rule engine also
has extensive logging functionality that allows the user to analyze and re-execute
captured modeling scenarios.

3 Event Generator

As highlighted in the introduction, not all parts of traceMAINTAINER are tool-
independent. The event generator is tool-dependent and the version that is dis-
cussed here has been created as an add-in to Sparx Enterprise Architect [6].

It has been decided to work with Enterprise Architect after an evaluation of
current UML modeling tools due to its usability, extensibility, ease of installa-
tion and low price. Its traceability support is comparable to that of other such
tools, so stereotyped dependency relations are intended to be used as traceability
relations in accordance with the UML meta-model.

The event generator add-in observes changes to elements of interest and
captures a number of properties to the changed element. The types of elements to
be observed and their properties of interest are defined within an accompanying
information model stored in XMI format. The information model can easily be
opened as a regular model in Enterprise Architect and other UML tools to allow
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the user to customize the generated events in terms of observed elements and
collected properties.

The implementation of how to observe changes to certain elements and how
to find property values is specific to the modeling tool, but all the remaining
aspects like reading the information model, communicating with the rule engine
and the architecture of the add-in can remain common among different adapters.
A reference implementation is provided that can easily be adapted to other tools.

4 Relationship Repository traceSTORE

The access to the traceability relationship repository is also a tool-specific part
of traceMAINTAINER. If traceability relations are created and stored by us-
ing the functionality of the modeling tool itself then an additional adapter is
necessary to make this relations accessible for the rule engine, i.e. to query and
change relations. In case that traceability relations are stored in an external
repository, separated from the actual model, then an adapter between the rule
engine and that repository is required. Such an adapter has been implemented
for the EXTESSY ToolNET traceability repository [7].

Both solutions have their advantages, if traceability relations are stored along
with the model itself then it is easier to maintain consistency between both,
while in contrats the external ToolNET repository allows to store relations that
connect elements of different tools. Despite of this advantages, both solutions
have not found to be fully satisfying for the evaluation of the traceMAINTAINER
approach. The traceability functionality of Enterprise Architect does not allow
to relate all types of model elements (e.g. attributes, methods, associations) and
the handling of traceability relations is very rudimentary. ToolNET provides
more functionality, but requires the user to use an additional tool complicating
industrial evaluation of the approach.

For that reasons it has been decided to create an additional relation reposi-
tory that provides the required functionality in order to evaluate the approach.
The traceSTORE is like the event generator implemented as an add-in for Enter-
prise Architect. It provides an additional menu within Enterprise Architect that
allows the user to store traceability relations connected to any kind of model
element within an extra class model that extends the related model. This ap-
proach prevents inconsistencies that are likely to occur between a model and a
separately stored set of traceability relations. The traceSTORE context menu
of a model element provides features to see and navigate to the associated ele-
ments of an existing relation, to start or end a new relation, and to delete an
existing relation as required. The subjects of the experiment discussed in the
next chapter and also the industrial evaluation partners reported that this tight
integration with the modeling tool and the ease of use enlighten traceability even
performed manually.

The creation of a new relation incorporates three steps. After selecting a
source and target element, a dialog is shown visualizing the desired relation.
This allows the user to choose a different relation type to the default ’trace’
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type. After committing, traceSTORE creates two classes representing references
to the two related elements and a dependency relationship between them in the
extra class model. Each reference contains the identifier, name, type and model
of the original element. A stereotype storing the type of the relation is then
attached to the dependency relationship.

04{EE0D347D-2AD2-4833-B226-669C8430E700}

+ Model:  Model
+ Name:  PrintOrder

+ Type:  UseCase

04{7E2D5F58-47D5-40ea-9D9B-87E3457F8F08}

+ Model:  Model
+ Name:  CreateOrder

+ Type:  UseCase

04{1F846E37-6DCA-4c51-8FDC-D7DA2AB37DA8}

+ Model:  Model
+ Name:  OrderHandling

+ Type:  Component

04{9012118E-CCEF-47e7-B740-57DB857C0676}

+ Model:  Model
+ Name:  Order

+ Type:  Class

«trace»

«trace»

«trace»

«is linked»
Order

+ printOrder() : void

traceSTORE repository viewTool view

Fig. 4. traceSTORE context menu for a related element (left) and stored data within
the repository (right)

traceSTORE addresses another requirement that had been arisen while devel-
oping the approach for automated traceability maintenance, but also supports
the manual handling of traceability relations. All related elements will be en-
hanced with indicators showing the current number of incoming and outgoing
traceability relations on an element. This feature enables an immediate feed-
back to the user after automated changes have been performed to traceability
relations by traceMAINTAINER.

In addition to creating, deleting and navigating through relations, trace-
STORE allows the user to import existing traceability relations that have al-
ready been created within the model into traceSTORE, to export relationships
from traceSTORE back into the model, and to check the consistency between
the model and relations in traceSTORE. The import functionality allows trace-
STORE to be used when traceability relations have already been defined using
the native traceability functionality of Enterprise Architect, so without the need
to re-establish them. The export functionality allows the relations defined within
traceSTORE to be used subsequently, though limited by the capabilities of the
modeling tool in terms of supported traceability relations. The consistency check
validates related elements and relations. For related elements, it validates they
are still existent within the model and updates additional stored information.
For relations, it validates and updates their depicted count on related elements
within the model, and further checks for false relations like self-links, multiple
relations of the same type between the same elements, and false or missing types
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of relations. Note, that the consistency check is only necessary after a malfunc-
tion of traceSTORE, if the model is being evolved without traceSTORE being
enabled, or if the user performs manual changes to the traceSTORE class model.

traceSTORE also reads the traceability information model that among oth-
ers provides information about permitted and required traceability relations.
Within traceSTORE it is used to validate any intended new traceability rela-
tion regardless of whether created manually by the developer or as part of a
(semi-)automatic traceability update.

5 Rule Editor and Rule Catalog

The rule editor (see Figure 5) is a stand-alone application that is intended to
help in two usage scenarios.

All rules of the
catalog

All alternatives of
selected rule

All masks of selected 
alternative

All properties of
selected mask

Fig. 5. The rule editor allows to customize the rule catalog while validating the entries

First, it validates an existing rule catalog upon opening it according to four
categories of possible failures.

1. The structure of the rule catalog’s XML file is validated against an XSD
schema definition.

2. The element types and properties defined within masks are validated against
the information model that defines events to be generated and the informa-
tion contained within them (see Section 3).

3. The syntax of required values for properties is validated against regular
expressions also defined within the information model.
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4. Finally, all references are validated for existence of the referenced element
within the definition of the current rule.

Second, it provides functionality to edit and create all parts of a rule cata-
log whilst also validating the changes. For rules, the update and the description
provided within notifications can be defined (see Section 2). Each alternative
can have an informal description supporting the comprehension of the catalog
for later changes and customization. An alternative consists of exactly one Trig-
gerMask and a number of additional masks. Each mask has a type of change
(add, delete, pre-modification or post-modification) and a number of required
properties, all part of the information model. The required values of properties
can be defined as static values or references to properties of other masks of the
alternative. Boolean expressions are supported to allow logical combinations of
several values. To support definition, typical values for each property can be
stored in the information model and provided within a drop-down box in the
rule editor. Each entry made for a property is syntax-checked and all defined
references are checked for their existence within the alternative. Failures are in-
dicated by highlighting the values (red means syntax mistake and violet means
reference mistake).

6 Status

traceMaintainer provides an extensive set of features for implementing and main-
taining traceability between a broad spectrum of UML model element types. Its
main component, the rule engine, has been implemented independent of a specific
modeling tool and supplies a well-defined API. In this paper, we have described
tool-specific extensions for the Enterprise Architect modeling tool to satisfy the
API and also enhance its existing traceability functionality. Initial experimental
results have been encouraging ([3], [4]) and further industrial case studies are
planned.

Since the rules are likely to evolve, we have created a rule editor for their def-
inition and validation. We are currently investigating how to semi-automatically
define rules by observing a developer performing change activities in situ using
a rule recorder. We are further investigating how to handle the undo function
within third-party modeling tools effectively, whilst still recognizing development
activities accurately.
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Abstract. Change impact analysis is one of the applications of requirements 
traceability in software engineering community. In this paper, we focus on 
requirements and requirements relations from traceability perspective. We 
provide formal definitions of the requirements relations in SysML for change 
impact analysis. Our approach aims at keeping the model synchronized with 
what stakeholders want to be modeled, and possibly implemented as well, 
which we called as the domain. The differences between the domain and model 
are defined as external inconsistencies. The inconsistencies are propagated for 
the whole model by using the formalization of relations, and mapped to 
proposed model changes. We provide tool support which is a plug-in of the 
commercial visual software modeler BluePrint.  

1 Introduction 

Requirements traceability is the ability to link requirements back to stakeholders’ 
rationales and forward to corresponding design artifacts, code and test cases [8]. One 
of the applications of requirements traceability is the change impact analysis. Impact 
analysis is defined as the process of identifying the potential consequences (side-
effects) of a change, and estimating what needs to be modified to accomplish that 
change [4].  

Although considerable research has been devoted to change impact analysis 
methods using trace relations, less attention has been paid to the usage of trace 
relation semantics for change impact analysis. In most tools and approaches, there is a 
lack of precise definition of trace relations. For instance, SysML [12] provides 
different types of trace relations between requirements, and between requirements & 
other design artifacts. However, there are only informal definitions for the relations in 
SysML. In this respect, change impact analysis may result that every related 
requirement and design artifact are impacted by a requirement change. The cost of 
implementing a change may become several times higher than expected. Bohner [3] 
formulates this problem as explosion of impacts without semantics. He states that 
change impact analysis must employ additional semantic information to increase the 
accuracy by finding more valid impacts.    
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In this paper, we focus on requirements and requirements relations from 
traceability perspective. We give formal definitions of SysML requirements relations 
[12] [5] in first-order logic. Our approach aims at keeping the model synchronized 
with what stakeholders want to be modeled, and possibly implemented as well, which 
we called as the domain. The differences between the domain and model are defined 
as external inconsistencies. The inconsistencies are propagated for the whole model 
by using the formalization of relations, and then they are mapped to proposed model 
changes. The tool support for the approach is a plug-in of the visual software modeler 
BluePrint [14] developed by @-Portunity.  

The paper is structured as follows. Section 2 describes the approach. Section 3 
presents the requirements relations in SysML. In Section 4  we provide the 
formalization for the relations. In Section 5, we describe the use of the formalization 
for change impact analysis. Section 6 illustrates the approach by an example. In 
Section 7 we give details of the tool support. Section 8 describes the related work and 
Section 9 concludes the paper.  

2 Overview of the Approach 

In this paper, we use the following terminology. The Domain is what stakeholders 
want to be modeled, and possibly implemented as well. It is the part of the reality that 
needs to be modeled, viewed through the requirements it sets for the resulting system. 
We call the changes in the domain as domain change. The Model represents a part of 
the reality called the domain and it is expressed in a modeling language. A model 
provides knowledge for a certain purpose that can be interpreted in terms of the 
domain. External Inconsistencies define differences between the model and domain. 
These differences can be caused by a domain change. Our approach is focused on 
keeping the model synchronized with the domain. Internal Inconsistencies define 
conflicts within the model itself. External consistency checking in this paper and 
internal consistency checking in [6] are complementary.  

The Change Impact Analysis process (Figure 1) consists of the following activities: 
External Consistency Checking: This activity takes the requirements model and 

domain change as input, and gives the external inconsistencies as output. The activity 
has several steps: (1) identification of a domain change, which should be performed 
by a requirements engineer. (2) Then, the requirements engineer decomposes the 
domain change into primitive domain change(s) that we classify as changes to be 
mapped to proposed model changes. (3) After that, propagating external 
inconsistencies is performed. This step is semi-automatic. Propagation rules are 
defined based on the formal definitions of the relations. The requirements engineer 
has to select the correct propagation proposed by the tool.  

Model Changing: This activity first handles mapping the external inconsistencies 
to the proposed model changes which are entirely automated. The requirements 
engineer performs the actual model changes according to proposed model changes. 

Iterating: The process given in Figure 1 is iterative. After external consistency 
checking and model changing, the requirements engineer may return to external 
consistency checking activity in case there might be new domain changes. Otherwise, 
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the process ends with the assumption that the requirements engineer is satisfied with 
results. 

Figure 1 Process for Change Impact Analysis 

3 SysML support for Requirements 

SysML is a systems modeling language that supports the specification, analysis, 
design, verification and validation of complex systems. The language is an adaptation 
of UML for systems including hardware, software, information, and process. In 
SysML, a requirement is considered as a property that must (or should) be satisfied. 
The SysML requirements diagram helps in organizing requirements, and also shows 
explicitly the types of relations between requirements [5]. Figure 2 gives the part of 
SysML metamodel that depicts the trace relations. 

The Trace relation provides a general purpose relation between a requirement and 
any other model element. It has no real constraints and no defined semantics. It is 
extended by other relations. The relations between requirements in SysML are 
ComposedBy, Copy and DeriveReqt. Since the ComposedBy relation is defined by 
using UML4SysML::NestedClassifier in SysML metamodel, it is not given as an 
extension of the Trace relation in Figure 2. 

These relations are defined in the SysML specification as follows. 
• A ComposedBy relation enables a complex requirement to be decomposed into 

its containing child requirements.  
• A DeriveReqt relation is a dependency between two requirements in which a 

client requirement can be derived from the supplier requirement.  
• A Copy relation is a dependency between a supplier requirement and a client 

requirement that specifies that the text of the client requirement is a read-only 
copy of the text of the supplier requirement. 

These definitions are informal. We formalize the relations in the next section.  
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Figure 2 Part of SysML Metamodel for Requirements Diagrams [12] 

4 Formalization of Requirements and Relations 

In this section we provide the formalization for requirements and the DeriveReqt
relation. The other relations are formalized in a similar way (but they are not 
presented here due to space limitation).  

We chose a formalization of requirements in first-order logic (FOL). The 
expressiveness of FOL is sufficient for our goal. There are examples of formalization 
of requirements in other types of logic such as modal and deontic logic [11].  

We assume the general notion of a requirement in SysML being “a property that 
must (or should) be satisfied”. We define a requirement R as a tuple <P, S> where P 
is the property and S is the set of systems that satisfy P, i.e. )(: sPSs ∈∀ . P can be 
represented in a conjunctive normal form (CNF) in the following way: 
              P = (p1 ∧  … ∧  pn); where n � 1 and pn is disjunction of literals  

A literal is an atomic formula (atom) or its negation. An atomic formula is a 
predicate symbol applied over terms. We assume that all formulas are in CNF. In the 
rest of the paper we use the notation (p1 … pn) for (p1 ∧  … ∧  pn).  

We formalize the DeriveReqt relation as follows: Let R1 = <P1, S1> and R2 = <P2, 
S2> be requirements. P1 and P2 are formulas and the conjunctive normal form of P2 is: 

P2 = (p1..pn) ∧  (q1.. qm);  n � 1, m � 0 

Let p1
l, p2

l,…, pn-1
l, pn

l be disjunction of literals such that pj
l  � pj for nj ..1∈

R1 DeriveReqt R2 iff P1 is derived from P2 by replacing every pj in P2 with pj
l for 

nj ..1∈  such that the following two statements hold: 
a) P1 = (p1

l.. pn
l) ∧  (q1.. qm) ∧  (z1.. zt);  n � 1, m � 0, t � 0   

b)
12 : SsSs ∉∈∃    

From the definition we conclude that if P1 holds for a given system s then P2 also 
holds for s (

21 : SsSs ∈∈∀ ). On the basis of 
12 : SsSs ∉∈∃  and 

21 : SsSs ∈∈∀ , 
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we conclude (S1 ⊂  S2). We have the properties non-reflexive, non-symmetric, 
transitive for the DeriveReqt relation. 

5 Change Impact Analysis 

Change impact analysis is defined as the process of identifying the potential 
consequences (side-effects) of a change, and estimating what needs to be modified to 
accomplish that change [4]. Analyzing the impact of changes provides determining 
possible conflicts and design alternatives influenced by changes. Our change impact 
analysis approach is based on determining external inconsistencies for a domain 
change and proposing possible model changes to fix these inconsistencies between the 
domain and model. In this respect, propagating external inconsistencies based on the 
semantics of relations are the potential consequences of a change and proposed model 
changes are the estimates about what needs to be modified to accomplish the change. 
Table 1 shows how domain changes are mapped to external inconsistencies, and in 
turn how external inconsistencies are mapped to model changes.  

Table 1 Domain Changes, External Inconsistencies and Model Changes 
# Primitive Domain Change External Inconsistency Model Change 
1 New requirement added to the 

domain 
Requirement in the domain but absent in 
the model 

Requirement is 
added 

2 Existing requirement is 
removed from the domain 

Requirement is not in the domain but 
present in the model 

Requirement is 
removed 

3 Requirement in the domain is 
made more specific 

Requirement in the model is less specific 
than the requirement in the domain 

Details are added to 
the requirement 

4 Requirement in the domain is 
made more abstract 

Requirement in the model is more specific 
than the requirement in the domain 

Details are removed 
from the 
requirement 

5 Part is removed from the 
requirement in the domain 

Requirement in the model has more parts 
than the requirement in the domain 

Part is removed 
from the 
requirement 

6 New part is added to the 
requirement in the domain 

Requirement in the model has less parts 
than the requirement in the domain 

Part is added to the 
requirement 

The domain changes in Table 1 are called primitive domain changes. Mapping a 
domain change to an external inconsistency according to Table 1 is manually done by 
the requirements engineer. First, the requirements engineer determines the domain 
change and decomposes the domain change into primitive domain changes. With the 
help of Table 1, he/she determines external inconsistencies between the domain and 
model. Mapping an external inconsistency to a model change is done automatically. 
However, there might be other external inconsistencies derived from the external 
inconsistency identified by the requirements engineer.  

In Section 4, we give formal definition of SysML requirements relations in first-
order logic. Based on the formal definition of the relations, we define external 
inconsistency propagation rules. Table 2 shows the external inconsistency 
propagation rules for the “DeriveReqt” relation. Similar tables are derived for other 
relations (but they are not presented here due to space limitation). The columns in 
Table 2 are the external inconsistency propagation rules for external inconsistency 
types. 
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Table 2 External Inconsistency Propagation Rules for the “DeriveReqt” Relation 
# External Inconsistency R1 DeriveReqt R2 R1 DeriveReqt R2 … Rn

1 R1 is not in the domain   R2 is not in the domain  R2 … Rn are not in the domain   
2 R2 is not in the domain  R1 is not in the domain or part 

of R1 is not in the domain   
Part of R1 is not in the domain or 
R1 is not in the domain 

3 R1 is less specific than it 
is in the domain  

No propagation No propagation 

4 R2 is less specific than it 
is in the domain  

R1 is less specific than it is in 
the domain  

R1 is less specific than it is in the 
domain  

5 R1 is more specific than it 
is in the domain  

R2 is more specific than it is in 
the domain or no propagation  

(R2 is more specific than it is in 
the domain and/or Rn more 
specific than it is in the domain) or 
no propagation  

6 R2 is more specific than it 
is in the domain   

R1 is more specific than it is in 
the domain  

R1 is more specific than it is in the 
domain   

7 R1 has more parts than it 
has in the domain   

R2 has more parts than it has in 
the domain or R2 is not in the 
domain or no propagation  

((R2 not in domain or part of R2
not in domain) and/or (Rn not in 
domain or part of Rn not in 
domain)) or no propagation     

8 R2 has more parts than it 
has in the domain   

R1 has more parts than it has in 
the domain   

R1 has more parts than it has in the 
domain   

9 R1 has less parts than it 
has in the domain  

No propagation No propagation 

10 R2 has less parts than it 
has in the domain  

R1 has less parts than it has in 
the domain   

R1 has less parts than it has in the 
domain or no propagation  

11 Relation is in the model, 
not in the domain   

No propagation No propagation 

12 R4 is in the domain, not in 
the model  

No propagation No propagation 

Some external inconsistencies like in Rule 9, Rule 11 and Rule 12 do not propagate 
while others like in Rule 2, Rule 5, Rule 7 and Rule 10 have multiple propagation 
possibilities. All these rules are defined based on the semantics of the “DeriveReqt” 
relation given in first-order logic. Due to space limitation we can not give explanation 
of the propagation rules in Table 2. The following explains how Rule 4 in Table 2 for 
the “R1 DeriveReqt R2” case is defined.   

Let R1 = <P1, S1> and R2 = <P2, S2> be requirements. Since R1 DeriveReqt R2, we 
have P1 and P2 in the following conjunctive normal form.   

      P2 = (p1..pn) ∧  (q1.. qm);  n � 1, m � 0 
      P1 = (p1

l.. pn
l) ∧  (q1.. qm) ∧  (z1.. zt);  n � 1, m � 0, t � 0  

where p1
l, p2

l,…, pn-1
l, pn

l be disjunction of literals such that pj
l  � pj for nj ..1∈

Rule 4 in Table 2 has the external inconsistency “R2 is less specific in the model 
than it is in the domain”. According to Table 1, this external inconsistency is caused 
by the domain change “Requirement in the domain is made more specific”. 

After the domain change, at least one of the disjunctions of literals in the 
conjunction normal form of P2 (pn or qm) is less specific than it is in the domain.     

Since we have P1 = (p1
l.. pn

l) ∧  (q1.. qm) ∧  (z1.. zt), at least one of the disjunctions 
of literals in the conjunction normal form of P1 (pn

l or qm) is less specific than it is in 
the domain     

This means adding a detail to R1, by tagging it as “R1 is less specific than it is in 
the domain”. 
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The domain change and external inconsistency, together, provide the reason of the 
model change. Mapping the external inconsistency to the proposed model changes 
justifies the model change. Therefore, we choose propagating the external 
inconsistency rather than propagating the model change. When we know all parts of 
the model to be changed, we can provide the proposed changes for the whole model. 

6 Example 

In this section we illustrate our approach by a well-known example using the 
requirements for a Rain Sensing Wiper (RSW) system [2]. The goal of the RSW 
system is to wipe the surface of the windshield automatically whenever droplets of 
liquid are detected on the windshield’s surface. The amount of liquid detected dictates 
the speed of the wiper. Balmelli [2] gives the example requirements model in SysML 
for the Rain Sensing Wiper system. The textual form of the requirements for the Rain 
Sensing Wiper system can be found in Appendix 1. 

Figure 3 SysML Requirements Model for the Rain Sensing Wiper System [2] 
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We give one change scenario to illustrate our approach. For external inconsistency 
propagation, we give only the explanation of the DeriveReqt relation in the example. 
Activity 1: External Consistency Checking: 

Step 1: Identify a domain change
• We have the domain change for the actuator functions “C-language will be used 

for actuation functions (determined by user)” 
Step 2: Decomposing the domain change into primitive domain changes
• The domain change itself is a primitive domain change. We classify this domain 

change as “Requirement in the domain is made more specific” 
• The external inconsistency is applied to the requirement in the model 

“Actuation function” 
• The domain change is mapped to the external inconsistency “Requirement in the 

model is less specific than it is in the domain” (automatically derived from Rule 
3 in Table 1) 

Step 3: Propagate external inconsistencies
• Same external inconsistency is propagated from Actuation function to Use 

Dedicated ECU (automatically derived from Rule 4 in Table 2) 
• Same external inconsistency is propagated from Actuation function to Use 

Sensing software (automatically derived from Rule 4 in Table 2) 
• Same external inconsistency is propagated from Use Sensing Software to 

System Calibration (automatically derived from Rule 4 in Table 2) 
• Same external inconsistency is propagated from Use Dedicated ECU to 

System Calibration (automatically derived from Rule 4 in Table 2). This 
requirement was already tagged as externally inconsistent in the same way 

• No propagation from Use Dedicated ECU to Sensing Function (automatically 
derived from Rule 3 in Table 2) 

• No propagation from System Calibration to Use Sensor on Windshield
(automatically derived from Rule 3 in Table 2) 

• No propagation from Core Functions to Automatic Disablement and 
Automatic Enablement and Speed Adjustment to Rain Intensity
(automatically derived from Rule 3 in Table 2) 

Activity 2: Model Changing
Step 1: Map external inconsistencies to model changes
• We have only one external inconsistency type: “Requirement in the model is 

less specific than it is in the domain”. Each one is mapped to the model change 
“Details are added to the requirement” (automatically derived from Rule 3 in 
Table 1) 

Step 2: Implementing the model changes
• The only assistance, here, is the type of the model change which should be 

performed. Apart from that, the implementation of model changes is manual. 

7 Tool support 

We provide the tool support for change impact analysis in SysML requirements 
models. In this section, we depict the usage of the tool within the context of the 
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process given in Figure 1. The tool support is a plug-in of the UML2.1 compliant 
visual software modeler BluePrint [14]. The tool supports the propagating external 
inconsistency step in the external inconsistency checking activity and the mapping 
external inconsistencies to proposed model changes step in the model changing
activity. Figure 4 gives the output of the external inconsistency propagation for the 
RSW system example. 

Figure 4 Output of the External Inconsistency Propagation 

The external inconsistency “Less Specific than in Domain” for the Actuation 
Function requirement is propagated into the Core Functions requirement as “Less 
Specific than in Domain”. The rounded boxes give the external inconsistencies. In 
Figure 4, the popup window lists the alternative propagations for the Sensing 
Function requirement. The requirements engineer selects the appropriate one. 

After determining all external inconsistencies in the model, the tool derives the 
proposed model changes from these inconsistencies based on the mapping given in 
Table 1. Figure 5 gives the output of the proposed model changes. The rounded boxes 
tag the Core Functions, Actuation Function, Use Sensing Software, Use Dedicated 
ECU and System Calibration requirements with the proposed model change “Remove 
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Detail”. The requirements engineer does the actual changes with the help of the 
proposed model changes. 

Figure 5 Output for the Proposed Model Changes 

8 Related Work 

In our previous work [6], we proposed a metamodel for requirements models (called 
core metamodel). We define the semantics of the concepts and the relations in the 
core metamodel. On the basis of the semantics we can perform reasoning on 
requirements that may detect implicit relations and internal inconsistencies. However, 
the approach in [6] does not support change impact analysis. As a continuum of that 
work, we proposed a change impact analysis technique [7] based on formalization of 
requirements relations in the requirements metamodel in [6]. However, the change 
impact analysis technique in [7] aims at propagating the impact of the change directly 
rather than propagating the external inconsistency. We did not have the concepts like 
domain, external inconsistency that provide the reason of the change. Therefore, 
without the reason of the change in [7], the approach gives similar impacts for 
different types of changes.  
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Ajila [1] explicitly defines elements and their relations to be traced with 
dependencies they called as intra-level and inter-level. Impact analysis based on 
transitive closures of call graphs is discussed in Law [9]. Lindvall et al. [10] show 
tracing across phases again with intra-level and inter-level dependencies. They also 
discuss an impact analysis method based on traceability. However, they do not 
support their analysis with formalism. Change impact analysis for software 
architectures has been studied by Zhao et al. [13]. They use a formal architectural 
description language to specify the architectures.  

9 Conclusion 

In this paper, we proposed a change impact analysis technique based on formalization 
of requirements relations considered as trace relations in SysML. The approach 
focuses on requirements models reflecting the domain what stakeholders want to be 
modeled, and possibly implemented as well. Any model changes are fueled by 
changes in that domain.  

Using the formal definitions of the SysML relations ComposedBy, Copy and 
DeriveReqt, several change impact rules were defined. These rules give the 
propagation possibilities of external inconsistencies which define differences between 
the model and domain. They are mapped to model changes. The requirements 
engineer is guided through the change process using these rules. He only needs to 
select the proper propagation rules. Implementing model changes puts the model back 
in sync with the domain. 

Since the approach is based on SysML, existing tools can be easily extended in 
order to include it. This was shown in the tool support. The tool support is a plug-in of 
the visual software modeler BluePrint [14]. We applied our approach to an example 
SysML requirements model for the Rain Sensing Wiper system.  
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Appendix 1. Rain Sensing Wiper System Requirements  
In this appendix, we give an overview of the textual form of the Rain Sensing Wiper 
system requirements modeled as SysML requirements model (based on [2]). 

R1 Automatic wiping: The system shall automatically wipe the windshield of the car 
whenever necessary or desired by the user 
R2 System Initialization: System initial check-up 
R3 Automatic Disablement: The system shall automatically stop wiping the 
windshield when it is no longer necessary 
R4 Manual Disablement: The driver should be able to stop the wiping manually 
R5 Automatic Enablement: The system shall automatically start wiping the 
windshield when it is necessary 
R6 Wiping Speed Selection: The system shall offer three different wiping speeds 
from which the driver can choose 
R7 Speed Adjustment to Rain Intensity: The wiping speed should adjust according 
to rain intensity 
R8 Faster with Greater Rain Intensity: The more rain, the faster the wiping  
R9 Core functions: Identified core functions 
R10 Sensing function: The system shall be able to sense rain intensity 
R11 Actuation Function: The system shall be able to actuate based on automatic and 
manual input 
R12 Use Serial Bus: The system shall use a serial bus to transfer data 
R13 Use Sensor on Windshield: The system shall sense the rain intensity via a 
sensor on the windshield 
R14 Use Dedicated ECU: An Electronic Control Unit dedicated to this purpose will 
serve as the processor for the input 
R15 Use Sensing Software: A software solution shall be implemented to process 
driver and sensor input 
R16 System Calibration: The sensor shall be calibrated for the characteristics of the 
windshield, and the type of car 
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Abstract. This paper describes how traceability for interactive model
transformations can be improved by modeling human decisions. Nor-
mally, only the decisions or their consequences are recorded during the
transformation. This means that tracing across decisions is not possible
or is inaccurate. Also, traceability over any transformation chain con-
taining at least one semi-automatic transformation is hindered.
This paper proposes utilizing a role model of the decision context, i.e.
the features that affect the decision, to extract traceability information.
The role model is a partial mapping from the source model to the target
model, across the decision. The roles facilitate rich traceability informa-
tion. The paper shows examples implemented with the DReAMT tool.

1 Introduction

Especially when talking about model-driven engineering, traceability can be de-
fined as any relationship that exists between artifacts involved in the software-
engineering life cycle [1]. In some cases it is enough to only know which elements
are related, but e.g. in change impact analysis, software comprehension and de-
cision support, it is useful to know also the nature of the relationship. This is
called rich traceability. Traceability is important across single model transfor-
mation steps and particularly across a chain of model transformations.

Traceability over a fully automated model transformation is a matter of de-
signing the model transformation so that it produces a proper record of trans-

formation [2, p. 3-7]. If human decisions are required in the process, traceability
becomes challenging. Merely recording a decision does not improve traceability,
because there is no information what artifacts affected the decision. In other
words, the decision itself is not traceable, and therefore neither are its conse-
quences. If the semi-automatic transformations are simple, it may be possible
to have traceability for some parts of the models, but traceability information
about the human decisions themselves is lost.

Unless the entire model transformation chain is fully automated, traceability
is hindered. We consider it quite common, that at least one manual or semi-
automatic transformation is used. After all, it is not always possible or feasible
to automate everything in a software project.
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It is possible to require that the human making the decision provides enough
information at decision-making time in order to enable traceability. If there is
not even primitive tool support, e.g. limiting the elements that can be associated
with that particular type of decision, this can be burdensome and repetitious.
The traceability information can also be produced manually as it is needed, for
example in the reverse engineering scenario. This is possibly done by a third
party. The traceability information, which existed at design time, has to be
rediscovered and that means redundant effort.

In this paper we show how modeling decisions in interactive model transfor-
mations can improve traceability over the transformation itself and a chain of
transformations. We use decision context [3] in modeling the decisions. Decision
context is a collection of the source model elements and other decisions that
can affect the decision. Decision context was originally developed for intelligent
decision reuse after source model changes.

When a human makes a decision, the decision context acts as a mapping from
source model elements to the decision, providing traceability for the decision and
so for the decision’s consequences, too. Decision context is a model, so it can
be used by a transformation tool to provide guidance to the human user. The
decision context is recorded with the decision, so the traceability information is
not lost and does not need to be rediscovered. The suggested approach degrades
gracefully. Even if there are decisions that can not be modeled in sufficient detail,
traceability can be achieved for the other decisions.

We also show how these models are defined in DReAMT [4] (Decision Reusing
Approach for Model Transformations). DReAMT is an approach for developing
interactive model transformations and a proof-of-concept tool. The model trans-
formation language used facilitates defining decision context for decisions.

The concept of decision context itself is previous work [3] as is DReAMT [4].
In this paper we apply decision context to the problem of decision traceability.

2 Background

Let us first present an example of a decision in a model transformation. We will
use this decision throughout the paper. In the logical design phase of database
design, an entity relation model is transformed into a relational schema. One
of the decisions for this phase is how to represent entity inheritance. There are
basically three options (e.g. [5, pp. 282–283]): a relation (table) is created for
each entity (we will call it each entity separately), the subclass and its attributes
are mapped to the relation of the superclass (merge with superclass) or the
attributes of the superclass are duplicated in the relation of the subclass (copy

to subclass). The decision, which is made for each entity (or more precisely for
each inheritance relationship), is which of the three options to use.

Simply recording the decisions does not provide good traceability. It is possi-
ble to trace each relation back to the corresponding entity or entities. However,
it is not possible to trace the decision to any features of the source model. The
fact that the relations are separated or merged in one of the three ways is ap-
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parent in the target model, but can not be mapped to the source model. Lack
of traceability for the decision prevents traceability of the consequences.

If the reasoning that led to a decision was known, it could be “reversed” for
traceability purposes. The problem is, if the reasoning was known, the decision
would have been automated in the first place. Fortunately, it is not necessary
to know the reasoning, only which features were considered when making the
decision. This is a much weaker requirement.

For example, when making the three-choice decision for a class (e.g. Photo

in Fig. 1), the designer might only be interested in its superclasses (Image) and
classes that have an aggregation relationship (Album) to this class. The conse-
quences of the decision (e.g. a new table for the subclass Photo) can be mapped
to the decision (copy to subclass for Photo), which in turn can be mapped to
source model features (Image and Album). The decision traceability information
exists, but if it is not recorded, it is lost and with it some traceability.

Fig. 1. A class diagram example

3 Related work

We are not aware of any other generic model transformation approach that
supports human interaction and decision modeling as part of the transformation
specification and implementation in such a way, that it can be used to improve
traceability. Many approaches can record decisions, but they do not attempt to
relate the decisions to features of the source model or to earlier decisions.

Model marking [2, p. 3-6] is arguably the most common way to construct
a semi-automatic model transformation. In model marking, the source model
is manually augmented with markings. For example, UML models are typically
marked using stereotypes. Then a fully automated model transformation reads
the source model and uses the markings to choose among ambiguous rules. In the
database design example, the designer looks at the source model, possibly looks
at the other decisions made so far, and makes a decision and marks the entity
with stereotype EachEntitySeparately, MergeWithSuperclass or CopyToSubclass.
Model marking is not tied to any particular model transformation language, tool
or technique. It can be used in conjunction with any technology.

Transformation using model marking is sometimes considered to be fully
automated. However, let’s look at the complete transformation c : S → T from
a source model s ∈ S to a target model t ∈ T where S and T are the sets
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of all valid source models and target models respectively. The fully automatic
model transformation a does not transform models of the same type as the
complete transformation c, it transforms a marking augmented model s

′ ∈ S
′,

so a : S′ → T . The manual model marking step is a manual transformation m

from an unmarked source model to a marked source model (m : S → S′). It
is the composition of the manual and automated transformations that performs
the complete transformation (c = a ◦m), and thus it is actually semi-automatic.

The decisions are recorded in the source model. The markings stay, so it
can later be seen which decisions were made, but there is no link between the
decision and the conditions that led to it. The decision is not traceable.

Of course, it is possible to require that the designer marks also those elements
that affected the decisions. The markings need to be linked together somehow,
so that it is clear, which marks belong together. If the affecting elements can be
deduced structurally, there is no need for extra markings. The traceability rules
can be hard-coded into the automatic model transformation. In the database
example, the superclasses and containers of a class can be found quite simply.
It is possible to build some transformation specific tool to help with the extra
markings. Model marking does not prevent using any of these methods, but it
does not support them either. In fact, the whole issue of decision traceability falls
outside the scope of model marking. All these extensions imply that the decisions
have been understood on some level. The understanding is thrown away.

Many model transformation tools—too many to list them all—include some
way to include user decisions, but they offer no support for incorporating the
decisions into traceability information. For example, in the Epsilon Transforma-
tion Language (ETL) [6] the user can be prompted for input. However, the tool
seems to offer no help in recording traceability information for the decisions. It
has to be hard-coded as part of the model transformation rules. Also, it seems
ETL is based on the concept of corresponding source and target elements, i.e.
one type of traceability relationships. ETL does support multiple target models,
so a rich traceability model could be created as a virtual target model.

Modeling and documenting design rationale [7] has similar goals than our
approach. However, the scope of decisions is usually much wider, sometimes
even encompassing decisions made in the requirements capture. The rationale
can typically include informal sources, such as requirements specification, notes
or experiences from past projects. We focus only on the models and decisions in
the same design phase in the same project.

Triple graph grammars [8] support rich traceability naturally, but can not in-
clude interaction. Simplified, a triple graph grammar is a model transformation
built on a kind of a graph rewrite system. The model transformation produces
the target model but also a correspondence graph to express relationships be-
tween the models. The correspondence graph can be rich instead of a simple link
between a set of source model elements and a set of target model elements.

There is some work on manually rediscovering or recreating the lost traceabil-
ity information after the fact. Gorp et al˙ have researched interactive consistency
maintenance [9] for software models. They attempt to solve inconsistency prob-
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lems in an interactive and semi-automatic fashion. Their tool ICONS uses two
existing methods and tools; one for manual and the other for automated consis-
tency maintenance. Model elements violating consistency are presented to the
user, who can solve the inconsistency problems manually or choose to let the
tool solve it automatically. The user can also choose to ignore the inconsistency.

4 Decision modeling

We consider decision making to involve a target, a context, the decision itself
and the consequences (Fig. 2). The target of a decision is the feature, e.g. model
element, to which the decision is related. In the example above the class Photo

is the target of the decision. The context is the part of the source model (or
some values derived from it) and those other decisions that affect the decision
making. In the example the superclasses (Image) and the containers (Album) of
Photo are the context. The decision is the option the decision maker chooses. In
the figure the option copy to subclass has been chosen. The consequences of the
decision means what the decision causes. In this case a new table is created and
the columns from the table corresponding to the superclass are copied to it.

Fig. 2. Model of decision making

The decision also has a type, we call it the decision kind. A decision is an
instance of its decision kind. The decision kind specifies, which elements the
decision is made for, how the context is computed and what the options and
consequences are. The decision kinds needed in a transformation are specified
when designing the model transformation and they form part of the transfor-
mation specification. In DReAMT, the decision kinds are also visible in the
transformation implementation. The decision in Fig. 2 is of decision kind inter-

pret inheritance (Fig. 3). This kind of decision can be made for any class, the
context is formed of the superclasses and the containers, there are three options
and each option has a consequence. Note that the set of options may be unlim-
ited, such as all character strings, and the range may be dynamic, e.g. classes in
the source model.

Because the target, context and options for decision kinds have been specified,
a supporting tool can guide the designer in the forward-engineering direction and
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Fig. 3. Model of decision kind interpret inheritance

record the decisions, including the target and context. The recorded decisions
of a decision kind form a mapping from the target model to the source model.
The mappings for all the decision kinds and from the possible automated part
together provide the tracing information between the target and source models.

Some decisions may require the whole model or a large part of it to be
considered. Then the traceability information from the mapping is useless: it
just states these features in the target model depend on the whole (or large part
of) the source model. The trace scatters too wide, so to speak. The situation is
similar, if some of the decision context is used conditionally. For example, if the
containers are looked at only when the superclasses fail a certain condition, in a
short-circuit fashion. The context is too loose and again the trace scatters.

Our approach does not help with loose context. Some context condition can
be left out to get a more coherent but partial trace, or scattering is accepted.
However, our tool follows the principle of degrading gracefully. Even if some
decisions can not be expressed fully, traceability is facilitated for the others. The
trace is incomplete, but better than without decision modeling.

5 Decision modeling in DReAMT

In DReAMT decision kind is modeled using a role model and expressions. The
role model (we call it a pattern) specifies the model element types of the target
and the context as well as the consequences. Fig. 4 visualizes the role model for
interpret inheritance. The round shapes are roles and the arrows are relationships
between the roles. The labels on the arrows signify the type of the relationship.
A role can be thought of as a place holder for a value, much like a variable.

The role class is the target. The roles super and cont represent the context
roles. The four roles in the middle represent the multiple choice decision (multi)
and the three exclusive options (ees, mws and cts) of interpreting the inheri-
tance relationship, i.e. each entity separately, merge with superclass and copy to

subclass. The cloud shapes attached to each of the options represent a group of
roles describing how the consequences are affected.

Each role has a type (not visualized in the figure), which restricts what kind
of values the role can have. Roles class, super and cont are class roles, so they
can only have values that are UML classes. The asterisks on roles super and cont
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Fig. 4. Pattern for decision kind interpret inheritance

signify that the roles can have multiple values, which makes their type essentially
a set of classes. The type of the roles multi, ees, mws and cts is user decision.

The decision context computation is specified using a graph rewrite system.
However, because the details of the graph rewrite system are not important for
the paper, Object Constraint Language (OCL) is used here for brevity. The OCL
expressions for interpret inheritance are shown in Fig. 5. The expression for super

navigates from the target (a class) to its inheritance relationships and then to the
superclass. The expression for cont navigates to the target’s attributes (which in
UML contain ends of the associations the class is part of) and filters them leaving
only association ends of composite associations. Then the expression navigates
to their opposite association ends and from there to the classes.

super:

target.generalizations.general

cont:

target.attribute->select(p1 |

p1.association->notEmpty() and

p1.aggregation = Composite

).opposite.type

Fig. 5. Context computation specification for interpret inheritance

The expressions are evaluated for each actual decision of this decision kind to
compute the concrete decision context. For example, for the class Photo in Fig. 1,
the expressions yield the set {Image} for the role super and the set {Album} for
the role cont. These values are assigned to the roles. We say the roles are bound.
The decision roles are bound when the user chooses one of the options. When the
choice is made, the corresponding consequence is executed and any roles in the
consequence part get bound. When all the relevant roles are bound, the decision
kind instance maps the consequence (target model elements) to the decision and
from there to the decision context (source model elements).

The values of the roles for the decision instance are stored in the model
transformation record, which is in a separate file from the actual source (or
target) model. Automated parts of the model transformation specification may
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store their role models to the same record. When the traceability information is
needed, the role values (and so the target-source mappings) can be used.

Using a role model for defining the decision kind’s context enables rich trace-
ability information. The role names provide categorization of the context (as
well as the consequences). This separates the contributions of, for example, the
superclasses and the containers. Also, the arrows and their labels can be used
to express relationships among the roles. The use of roles is illustrated in Fig. 6.
There are mappings (round shapes) of one type between the source model (on the
left) and the target model (right). There are two kinds of context roles and two
kinds of consequence roles. One kind of context (consequence) role is attached
to the decision with a continuous line, the other kind with a dashed line.

Fig. 6. Rich traceability information with roles; four types of relations

Modeling the decision kinds should not add much to the transformation de-
velopment effort. If the knowledge and understanding exists in some form, it can
be translated into decision kind specification. If the understanding does not ex-
ist, then it is not possible to get traceability anyway. The easiest way would be to
accept and take into account the presence of user decisions even in requirements
capture and early design, as we did in a case study [10].

6 DReAMT tool set

The DReAMT tool set uses the role model engine from Inari [11], an interactive
software design tool developed at Tampere University of Technology. INARI is
integrated with UML 2 Tools [12], an Eclipse-based UML CASE-tool.

The transformation engineer can start a transformation from inside the CASE-
tool. As the engineer makes decisions, they are stored in the model transforma-
tion record. The record is in a proprietary binary format, but there is an export
to an XML format. Because the whole decision role model is stored with the deci-
sion, the mapping information is not lost. For traceability purposes, the mapping
can be retrieved from the XML-file for machine or manual processing.

The DReAMT approach is not restricted to any particular metamodel or
even metametamodel. The same is true for the core of the DReAMT model
transformation engine. However, in order for DReAMT to read from a new model
type, a new CASE-tool or other model repository, an import functionality must
be added to the code. Also, the underlying Inari tool needs to be adapted.
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The model transformation language in DReAMT is based on graph rewrite
systems. For this reason, the decision role models are expressed as graphs. The
actual model transformation specification of the decision role model visualized
in Fig. 4 is in Fig. 7. The first lines declare the name of the pattern, the roles
that are used and their types. Roles after the keyword context are the context of
the decision. The target role is included, because it is part of identifying a deci-
sion instance. The model transformation language does not make a distinction
between the target and the context in the pattern definition. Roles listed after
decision are the decision roles. Lines 9–12 define the structure of the pattern
and lines 14–15 refine the roles super and cont as sets. Lines 17–26 customize
the user interface. The consequences have been placed in another pattern.

1 pattern InterpretInheritance {

2 context

3 class:ClassRole, // Target

4 super:ClassRole, cont:ClassRole;// Actual context

5 decision

6 multi:XorRole,

7 ees:DecisionRole, cts:DecisionRole, mws:DecisionRole;

8

9 class <--#_contained-- multi // multiple choice decis.

10 multi <--#_optionOf-- ees // option #1 for multi

11 multi <--#_optionOf-- mws // option #2 for multi

12 multi <--#_optionOf-- cts // option #3 for multi

13

14 super {#mul="*"} // define super as a set

15 cont {#mul="*"} // define cont as a set

16

17 // Override default UI texts for the options

18 ees {#name="STI: EachEntitySeparately",

19 #title="STI: Use pattern EachEntitySeparately.",

20 #description="STI: Use pattern EachEntitySeparately."}

21 mws {#name="STI: MergeWithSuperclass",

22 #title="STI: Use pattern MergeWithSuperclass.",

23 #description="STI: Use pattern MergeWithSuperclass."}

24 cts {#name="STI: CopyToSubclass",

25 #title="STI: Use pattern CopyToSubclass.",

26 #description="STI: Use pattern CopyToSubclass."}

27 }

Fig. 7. Definition of pattern InterpretInheritance

7 Conclusions and future work

It is not always possible to do away with all user decisions in a model trans-
formation or a model transformation chain. Sometimes it is not even desirable.
However, traceability should not have to be sacrificed just because interaction is
included. We presented in this paper how the concept of decision context can be
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used to model decisions and thus provide rich traceability across human decisions
and across semi-automatic model transformations.

There is much left to research in the interactive model transformations and
traceability. Especially ad hoc model changes and decision context definitions
that are too complicated to be captured with this approach offer challenges. We
are currently involved in a case study evaluating the overall approach.
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2008, Zürich, Switzerland, July 2008, Proceedings. Volume 5063 of LNCS., Springer
(July 2008) 1–15

11. Hammouda, I., Koskinen, J., Pussinen, M., Katara, M., Mikkonen, T.: Adaptable
concern-based framework specialization in UML. In: Proceedings of ASE 2004,
IEEE Computer Society (September 2004) 78–87

12. Eclipse: Model Development Tools (MDT). (2009) On-line at
http://www.eclipse.org/modeling/mdt/?project=uml2tools.

38



TiE - A Tool Integration Environment

Felix Klar, Sebastian Rose, and Andy Schürr

Technische Universität Darmstadt, Real-Time Systems Lab,
Merckstr. 25, 64283 Darmstadt, Germany

{klar,rose,schuerr}@es.tu-darmstadt.de

http://www.es.tu-darmstadt.de

Abstract. Many product manufacturing organizations have to handle
various artifacts during the product development process. These artifacts
often depend on each other. If an artifact is changed then dependent ar-
tifacts must be changed as well. In order to provide tool support in
automating these changes, traceability links, which relate dependent ar-
tifacts, are required. Though, artifacts are managed by different tools,
which are normally not designed to interoperate. Here we present TiE, a
meta-model-driven environment that allows to integrate tools. Creation
of traceability links between dependent tool artifacts is a main concept
of TiE to realize tool integration. The proposed environment allows to
create tool support for traceability in product development processes.
Traceability may speed up the development process and at the same
time, increase the quality of the resulting product.

Key words: tool integration, traceability links, MOFLON, model trans-
formation, triple graph grammars

1 Introduction

A largely growing body of organizations implement development processes to
be able to manage the life cycle of their products. A development process con-
sists of many steps or activities. Right at the beginning of common development
processes system requirements are collected. Then, the product is designed, man-
ufactured, tested, deployed and maintained. The process ends by the time the
product is put out of service. During the development process plenty of docu-
ments are produced, which often relate to each other.

Many organizations have to comply to several standards during the develop-
ment process of their products. The IEC 61508 [1] is a standard that is especially
important for car-manufacturers. This standard applies for the functional safety
of electrical safety-related systems. A key aspect of this standard is stated in
part 1, requirement 5.2.11: All relevant documents shall be revised, amended,
reviewed, approved and be under the control of an appropriate document control
scheme. That is, many documents are frequently changed to guarantee func-
tional safety. These documents may be simple text documents or more advanced
domain-specific models. Examples of such models are UML class diagrams and
activity diagrams that specify the structure and behavior of the system under
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development. Further examples include structured requirements documents, test
case documents, and change management documents. In the following we refer
to these documents as artifacts. So-called computer aided software engineering
tools (CASE tools) assist in handling these artifacts.

As already stated above, artifacts created during the development process
are often related to other artifacts. For example, a specific requirement, han-
dled by a requirements management tool, is related to a specific design artifact,
handled by a UML tool. In an iterative development process a requirement may
be changed after the affected design artifact has been created. Consequently,
the design has to be adjusted so that the modified requirement is met again. It
would be convenient to trace and automatically adjust such affected artifacts.
Therefore, related artifacts have to be connected. Such connections may be es-
tablished by traceability links. However, many CASE tools are involved in the
development process and related artifacts are often managed by different tools.
These tools come from different vendors and are heterogeneous regarding their
implementation language and the interfaces they provide. In general, these tools
do not natively support linking of artifacts that reside in other heterogeneous
tools. Nevertheless, traceability support may be provided by separately devel-
oped traceability software.

This contribution presents TiE, a tool integration environment that allows
to integrate tools. The environment supports realizing tool integration projects,
henceforth called TiE project or just project. Accordingly, TiE offers a stan-
dardized approach to design and implement these projects. The result of a TiE
project is a piece of software that allows to execute tool integration scenarios,
e.g., to establish and maintain traceability links between related artifacts of het-
erogeneous tools. In the model driven architecture (MDA) context [2], which
gained much attention in the last years, models are becoming primary artifacts
in software development processes. One goal of the MDA approach is to use
formally defined models and generate code from these models, to speed up the
development process and increase the quality of the resulting software. TiE has
adopted the principal of generating code from formally defined models proposed
in the MDA approach. This allows software engineers to specify tool integration
projects on a very high level.

The next section explains briefly the fundamental concepts and the architec-
ture of TiE. Section 3 introduces a tool integration example project and describes
how to realize this project according to TiE. Section 4 compares our approach
to related work. Finally, Sect. 5 concludes this contribution and discusses future
work.

2 TiE Architecture

In this section we explain the fundamental parts of the TiE architecture and
show how TiE projects can be executed. The development process that is used to
accomplish TiE projects is a meta-model-driven development (MMDD) process.
It is aligned with common software development processes, but is tailored to
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suit TiE projects. The MMDD process uses metamodels as primary development
artifacts. The process is explained in detail in [3].

Tool A Tool B

TiE

requirements of
tool integration

project

Rule
Application
Strategies

Visualization

Editor

MOFLON Tool Adapter A Tool Adapter B

Tool Adapter
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Generated
Integration Rule
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Tool B
Metamodel

Link
Metamodel
Integration
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Repository
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Repository
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Repository

Fig. 1. Architecture of the tool integration environment (TiE).

Figure 1 shows the architecture of TiE, which is divided in two parts. The
first one, on the left-hand side, depicts the relationship of the components that
are produced in the analysis and design activity of the MMDD process. The
second one, on the right-hand side, shows the relationship of the components
that are produced in the implementation activity of the MMDD process. The
latter are executed at runtime of a tool integration scenario.

The requirements of the tool integration project1 are a vital artifact of the
TiE architecture, because all other components of the architecture depend on it.
Due to lack of space we have to omit an explanation of this activity and refer to
the detailed explanation in [3]. The integration requirements are the first artifact
that is produced in the MMDD process. Subsequently, tool metamodels are de-
signed by taking the integration requirements and the data models of the to be
integrated tools into account. Additionally, a link metamodel is designed, which

1 In this contribution we are talking about system requirements in general and require-
ments collected in TiE projects. To avoid confusion, we will use the term integration
requirement whenever we refer to the latter.
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defines link types for the traceability links. The link types specify the elements of
the integrated tools to be related. Each link type has associated integration rules,
which specify the conditions that must hold for the creation of traceability links.
The metamodels as well as the integration rules are designed with the meta-
CASE tool MOFLON [4]. MOFLON generates a corresponding implementation
from the metamodels and from the integration rule specification. This leads to
the second part of the TiE architecture. In Fig. 1 the resulting implementation
components are depicted as grey boxes on the right-hand side. The repositories
are generated from their corresponding metamodels. Each repository contains
a standard implementation of its related metamodel. This includes access func-
tions to the metamodel and its instances, as well as the possibility to serialize a
metamodel instance using the XML metadata interchange format XMI2. A gen-
erated repository implementation is manually extended to a tool adapter. The
generated implementation is therefore adjusted to use the interface provided by
the tool it adapts to. The tool adapter uses for example the API of the tool and
forwards access calls to the tool via this API. In this case, data management
takes place in the tool—not in the tool adapter. But, a tool adapter must not
directly access the tool it is responsible for. In the case of the tool adapter link
management component the connection to a link management tool is optional.
The implementation of the generated repository may be used as is. Thus, the
traceability links are managed by the generated repository and serialized to an
XMI database, which may be maintained manually. Every tool adapter provides
an interface, which is used by the integration framework. The interface consists
of the standardized interface of the generated repository and an additional tool
adapter management interface.

The integration rule code component contains modification and checking rou-
tines that operate on runtime instances of tool models and traceability links.
Therefore, it accesses the standardized interfaces of the generated repositories.
This component is, amongst other things, responsible for creating new traceabil-
ity links and checking for consistency of related tool elements based on existing
links. It also provides an interface that allows to access this functionality.

The integration framework connects the tool adapter components and the
integration rule component. This framework is independent of a concrete tool
integration project and therefore does not need to be adjusted for common TiE
projects. The integration framework provides the possibility to visualize tool
elements and traceability links, as well as editing operations for them. The rule
application strategies allow to execute various tool integration scenarios. Some
example scenarios are presented in Sect. 3.2.

3 Creating an Example TiE Project

In this section we show details of the TiE architecture by means of the example
TiE project TiE-DEA. As example project we have chosen to integrate textual

2 http://www.omg.org/spec/XMI/
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traceability link objects

Fig. 2. Schematic view of actor integration in TiE-DEA.

use cases and visual use cases. In our example, textual use cases are represented
by the requirements management tool DOORS from Telelogic. Whereas visual
use cases are represented by the UML tool Enterprise Architect from Sparx
Systems. Figure 2 gives a schematic overview of a part of the desired integration
scenario. The figure shows the concrete syntax representation of the use cases in
both tools. The upper part depicts the textual representation of use case actors
in DOORS. The lower part depicts the visual UML representation of actors, use
cases and relationships in Enterprise Architect. Both representations of use case
actors are related by traceability links. Section 3.1 explains how the syntax and
semantics of this integration project are specified following a meta-model-driven
approach. Section 3.2 demonstrates the creation of traceability links within the
TiE integration framework.

3.1 Creating the Specification

At first, the integration requirements of TiE-DEA are collected. In other words,
we select the modeling elements that should be traceable. In our example these
are the use case elements actor, use case, association, include, extend, and also
the package hierarchy. As described in [3], the use case concept as well as its
representation in concrete and abstract syntax in both tools must be acquired.
Integration requirements are then collected that describe these representations
and their relationships. Finally, the relations between the corresponding repre-
sentations in DOORS and Enterprise Architect are collected and also written
down as integration requirements.
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Fig. 3. Screenshot of integration rule design in MOFLON.

After this, the tool metamodels can be designed using MOFLON. The tool
metamodels comply with the metamodel standard MOF 2.0 [5] proposed by the
Object Management Group (OMG). The link metamodel is designed using the
triple graph grammar (TGG) approach [6] which is implemented in MOFLON.
TGGs relate elements of two languages with each other. Here, these languages
are the tool metamodels. During runtime, TGGs establish a third graph, i.e.
traceability links, that relate the elements of both languages. The link meta-
model specifies the data structure of the traceability links that are created later
on at runtime of a TiE scenario. Figure 3 shows a screenshot of the TiE-DEA
specification in MOFLON. The tool metamodels and the link metamodel are de-
picted on the left-hand side in a treebrowser. A TGG integration rule is depicted
on the right-hand side. This rule is responsible for relating use case elements in
DOORS and Enterprise Architect. In terms of TGGs the link metamodel is a
TGG schema definition. The integration rules that have to be designed corre-
spond to TGG rules. An in-depth explanation of TGGs is out of scope for this
contribution. For that, we refer to [7], which gives a good overview. The us-
age of both MOF 2.0 and TGG models is the core of our meta-model-driven
environment, as from these models the tool adapter components are generated.
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3.2 Finalizing and Executing the Project

So far, the integration requirements for TiE-DEA have been collected. The tool
and link metamodels as well as the integration rules have been designed. The
code generator of MOFLON may now be invoked to generate the JMI-compliant
repositories [8] and the integration rule code, which have been explained in
Sect. 2. Based on the repositories, the tool adapters for DOORS and Enterprise
Architect are implemented. Now, all components required to execute a TiE-DEA
project exist and we are ready to instantiate the integration framework.

Fig. 4. Screenshot of the TiE integration framework.

Figure 4 shows a screenshot of the integration framework. The tool adapter
components and the integration link code component are initialized in the frame-
work, i.e. the adapters connect themselves to DOORS and Enterprise Architect
respectively. Different tool integration scenarios may now be invoked. A so called
forward transformation algorithm may be executed. Based on the elements ex-
isting in the source tool (here DOORS) and on the integration rules, it creates
corresponding elements in the target tool (here Enterprise Architect) and estab-
lishes traceability links between the corresponding elements. Another algorithm
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is a backward transformation, which is similar to the forward transformation,
but instead uses elements of the target tool as input. Furthermore, a consis-
tency check algorithm can check whether already linked elements are consistent
with the integration rules. Additionally, incremental update algorithms may be
executed, which, e.g., propagate updates between related elements.

4 Related Work

Several tools exist that aim to support the requirements engineering process
with a special focus on enabling traceability. Reqtify3 is a tool from Geensys. It
provides a solution for managing requirements traceability across the lifecycle
of product. It has interfaces to various other tools that come from different tool
vendors. These tools can be used to capture requirements. The requirements
are linked with development and verification processes next. Compared to Re-
qtify, TiE is not constrained to only link requirements with other artifacts, but
provides a more general approach for linking every kind of artifacts. Polarion
ALM (Application Lifecycle Management)4 from Polarion Software is another
tool that supports traceability management. It is web-based and uses Enterprise
Architect as foundation. Relations between elements in Enterprise Architect are
extended to traceability links. Thus, traceability information is stored in one of
the related models and the model elements must be queried to retrieve traceabil-
ity information. In contrast, TiE allows to specify customized traceability link
types with well-defined semantics, which is enabled by using TGGs as integra-
tion rule language. Traceability links are stored in a separate model that can be
accessed by the integration framework.

Using metamodeling and separate models for storing traceability links is dis-
cussed in [9]. This approach defines metamodels for each related model and
introduces a separate metamodel for traceability links. This results in strongly
typed traceability links that derive from a basic link type, which is also the case
in TiE. In [9] the metamodels may be enriched with additional inter-model con-
straints. Established traceability links may be validated according to these con-
straints. In our approach inter-model relationships may be defined using TGGs.
Additionally, semi-automatic and rule-based link creation as well as change prop-
agation is supported in TiE, which is recommended regarding today’s complex
and distributed information related to software projects [10].

Research into integration of development tools, including traceability, cre-
ated different approaches during the past decades [11–14]. ToolNet [11] defines
a software architecture for tool integration. It has been developed specifically
for requirements traceability of system development projects. Traceability links
may also be established between artifacts that are stored in a distributed envi-
ronment. In ToolNet, integration components are implemented manually. TiE,
as a successor of ToolNet, addresses open issues like adapters supporting write
access and automatic creation of integration components using code generation.
3 http://www.geensys.com/?Outils/Reqtify
4 http://www.polarion.com/
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Xlinkit [14] provides rule-based link generation and consistency checking of
artifacts stored in distributed XML documents. When creating rules, a natural
language question is put into a form that can be expressed as a formal assertion.
It is then specified as a rule in a proprietary first-order logic rule language. Such
a natural language question can be compared to an integration requirement that
is collected in our MMDD process. However, Xlinkit provides a link metamodel
that supports untyped links only and supports linking artifacts stored in XML
documents, instead of accessing artifacts directly in a tool. TiE allows to store
artifacts in XML documents, too, but additionally provides direct access to tool
data. Using a tool’s API enables usage of constraints and logic implemented
within the tool and may prevent incorrect model states.

[15] and [16] are also based on TGGs for expressing relations between models
on the metalevel. Full support for incremental updates as described in [15] is cur-
rently not implemented in the TiE integration framework, it is up to future work
to adopt these concepts. In [16] rules for link creation can be chosen interactively
in case of alternatives. TiE provides no default behavior for alternative rule selec-
tion so far. Most of the approaches mentioned before, use EMF or early versions
of MOF. TiE comes with full MOF 2.0 support. Additionally, our implementa-
tion of TGGs supports modularization and generalization of linktypes [17]. As a
consequence, our traceability links are typed and access to the link metamodel
is granted. For this reasons, TiE enables reuse and customization in large scale
environments.

5 Conclusion and Future Work

In this contribution we have presented TiE a meta-model-driven tool integration
environment. This environment allows to integrate heterogeneous tools. It is not
determinated to just integrate tools of specific categories, like e.g., requirements
management tools only. As proposed in the MDA approach, TiE projects are
specified on a very high level using metamodeling techniques. By using triple
graph grammars, traceability support is automatically available in every tool
integration project. Metamodels and tool adapters can be reused in other TiE
projects.

It is up to future work to also generate parts of the tool adapter implemen-
tation. Currently the implementation of adapters is a manual, time consuming
task. Partial generation would be possible, e.g., by enriching tool metamodels
with additional metadata. Such metadata might be related to the interface pro-
vided by the tool (e.g., API information) or define the preconditions that must
be met in order to instantiate new elements in a tool. Further research activi-
ties are required to, e.g., develop model view creation procedures and new rule
application strategies, which could be applied to the integration framework. Fu-
ture versions of the integration framework will also support common traceability
services like coverage analysis and orphan analysis which are conceptually sup-
ported by our link metamodel.
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3. Klar, F., Rose, S., Schürr, A.: A Meta-Model-Driven Tool Integration Development

Process. In: 2nd International United Information Systems Conference. Lecture
Notes in Business Information Processing (LNBIP), Springer (April 2008) 201–212
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17. Klar, F., Königs, A., Schürr, A.: Model transformation in the large. In: The 6th
Joint Meeting of the ESEC/FSE, ACM New York, NY, USA (2007) 285–294

48



From Z Specifications to Java Implementations

and Back
∗

Alvaro Heiji Miyazawa1, Paulo Salem da Silva1, and Ana C. V. de Melo1

University of São Paulo
Department of Computer Science

São Paulo – Brazil
alvarohm@ime.usp.br salem@ime.usp.br acvm@ime.usp.br

Abstract. Formal specifications can be seen as abstract models of sys-
tems to be implemented. Typically, when implementing such specifica-
tions, the main worry concerns the correction of the implementation. In
this way, it may be the case that the resulting code, while correct, can-
not be easily related to the specification, since this is typically not a goal
(e.g., for efficiency reasons). Therefore, events that take place during the
execution of the program (e.g., errors) cannot be systematically traced
back to their corresponding formal definitions. In this paper, we present
a new approach to implementing formal specifications in a way that such
tracing capabilities are possible. Given a formal specification written in
a subset of the Z notation, our method generates the corresponding Java
source code that implements a basic skeleton for the application, which
programmers are then supposed to complement. To this end, we provide
a Java framework that implements several elements from the Z notation,
a set of rules to translate Z specifications into programs written with
this framework, and a tool that implements such rules. This is a general
approach for implementing Z specifications, but in this paper we focus
on the tracing capabilities it allows. And while our technology is specific
to Z and Java, one could easily build analogous mechanisms for similar
specification and implementation languages.

1 Introduction

Formal specifications are abstract mathematical descriptions of systems one usu-
ally intends to implement. They are abstract because they do not describe the
final implementation completely. Rather, they contain only what is relevant to as-
sess the correctness of certain properties of interest. And they are mathematical
because they can be manipulated and analyzed through mathematical methods.
In the context of Model-Driven Engineering (MDE) [1], such specifications can
be seen as models of software.
∗
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Eventually, they should also be implemented as working software. To this end,
it is necessary to find ways to transform the abstract descriptions into actual
programs. There are several approaches to this, each tackling the problem from
a particular point of view or for a particular formal method. In general, however,
these approaches are mostly based on formal refinements. That is, the manual
step-by-step application of rules in order to put more detail in the specification
without violating any of the properties defined in previous steps. Once sufficient
detail has been inserted in this way, it becomes possible to map the specification
into a programming language, thus generating correct code by construction (e.g.,
ZRC [2], the B-Method [3], a transformation to Miranda language [4]).

While highly desirable, such correctness frequently demands more thought
from the person doing the refinements (i.e., to choose the appropriate rules to
apply) than programming. Moreover, it assumes that one can develop the whole
implementation using refinements, though sometimes this might not be the case
(e.g., because the development team includes people not familiar with formal
methods).

We have developed a different, more pragmatical, approach to implementing
formal specifications. In this work we show how this new approach has the added
benefit of allowing for easy tracing of events that take place on the implemen-
tation back to its specification. Our method consists in converting specifications
made with a subset of the Z formal method [5] into actual Java [6] programs.
We provide a software framework (JZed) that implements the larger blocks of
Z specifications, as well as a translation tool (JZed-Gen) [7] to map particular
specifications into elements of this framework. Hence, we depart from traditional
formal methods to embrace the ideas of MDE.

In its purposes and methods, the JCSP framework [8] is the project that
mostly resembles ours. JCSP provides a Java implementation of the CSP pro-
cess algebra [9]. Using it, one can quickly create software from CSP specifications
(e.g., as used in [10, 11]). But whereas CSP is a formalism to describe communi-
cation protocols, the Z method is intended to describe internal states and their
transitions, hence presenting a different set of problems.

Our tool generates an application structure (i.e., concrete classes) which is
then supposed to be complemented with custom code by programmers. The
tracing of events, however, is built-in and requires no further intervention of the
programmer. It depends only on the basic structure that is generated, which ex-
plicitly represents the elements of the specification. We believe, therefore, that
the ideas behind our method provide an effective way of automating the imple-
mentation of tracing mechanisms.

The purpose of this paper is to present the general principles and technologies
required for such a tracing. The text is organized as follows. In order to make it
clear how our method works and what it is about, we begin by giving an example
in Sect. 2. Then, in Sect. 3 we describe more systematically our overall method
and tools. In in Sect. 4 we focus the discussion on the tracing mechanisms we
provide. Sect. 5 reflects about the problems and potentials of our approach.
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2 Example

To give straightaway a more concrete idea of what our method is about, let us
begin by giving an example of how our approach can be used. Later in the article
we shall refer to this example in order to describe more formally the elements of
our approach.

Roughly, a Z specification is composed by schemas and schema calculus ex-

pressions. Schemas are used to define states and operations, and the calculus
provides logical connectives to create more complex schemas out of simpler ones.
In state schemas, one defines the data that is maintained by the state, as well as
the axioms that rule such data. In operation schemas, in turn, one defines the
inputs and outputs variables, as well as the axioms that relate one to the other.

In this example, we shall use the well-known birthday book specification,
which is often used as a standard example in Z literature (e.g., used in [12, 13];
originally presented in [14]). It defines a database of birthdays, which can be
manipulated in various ways by the users. Below we describe some parts of it,
how our tools can be used to generate an overall application skeleton in Java
from it and, finally, how this skeleton provides tracing capabilities.

The basic element defined in the specification is the BirthdayBook schema,
which is responsible for storing names of people and their respective birthdays.

BirthdayBook == [known : P NAME ; birthday : NAME �→ DATE |
known = dom birthday ]

There are a number of operations that can be performed over this state schema.
Let us consider only one, the AddBirthday operation, which adds a name and
its birthday to a BirthdayBook schema.

AddBirthday == [ΔBirthdayBook ; name? : NAME ; date? : DATE |

name? /∈ known ∧ birthday
′ = birthday ∪ {name? �→ date?}]

This operation actually needs to be complemented using schema calculus in
order to account for the case in which it fails (i.e., in case the name is already
stored in the birthday book). To this end, there are other two operation schemas,
namely, Success and AlreadyKnown. With them, we may compose the following
RAddBirthday operation.

RAddBirthday == (AddBirthday ∧ Success) ∨ AlreadyKnown

Using the method and tools described in this paper, we can automatically
obtain an application skeleton for the birthday book. Our tool takes the specifi-
cation as input and generates several classes as outputs (one for each schema).
So, for instance, the tool generates classes named BirthdayBook, AddBirthday,
Success and AlreadyKnown for the above schemas. As an example of generated
code completed with custom code, let us consider the BirthdayBook state schema
(Fig. 1) and the RAddBirthday operation (Fig. 2).

Now, once this code is generated, how the system developer can make use
of the traceability features? Error detection and analysis, for example, can be
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achieved in the following way. In the BirthdayBook class, it is the responsibility
of the method checkSpecificationInvariants() to check whether the schema
invariant holds or not. Every time the application state is updated, this method is
called. If it fails, an exception is thrown showing exactly where the error occurred
and which part of the specification is responsible for it. It could be the case, for
example, that the invariant defined in the specification was actually wrong. In
such a case, our traceability mechanism would be particularly valuable, since it
would allow to easily detect and correct the problem.

The RAddBirthday operation is obtained by the schema calculus implemen-
tation provided by our framework. This implementation takes care to ensure the
expected semantics from the logical connectives by calling appropriate methods
in the connected schemas. This allows, for instance, one to record the failures and
successes of the operation (i.e., by inserting logging procedures in the Success

and AlreadyKnown classes that are also automatically generated).
Notice further that schemas can be reused in the same specification. For

example, the schema Success could be reused in other operations to indicate
successful execution. This means that all tracing mechanisms that are inserted
in it are also reused. It is, thus, a compositional technique.

3 Generating Software Skeletons from Z Specification

Given a Z specification written in a subset of the Z notation, our method allows
the generation of a basic application structure that must then be complemented
by a programmer. To this end, we provide three main artifacts:

– JZed, a Java framework that implements a subset of the elements found in
the Z notation (e.g., schemas);

– Rules to translate a Z specification into a program written following the
conventions of JZed;

– JZed-Gen, a tool that actually implements these rules. It is capable of reading
Z specification written in LATEX and generating Java source code according
to user defined parameters. It employs software from the CZT project [12]
in order to read and represent such specifications. Apache’s Velocity [15] is
used for the code generation.

The method and its several elements are summarized in Figure 3.
The source code generated is essentially composed by extensions and instan-

tiations of base classes found on the JZed framework. At the moment, they
consists of three kinds, each associated with particular Z elements:

State schemas The abstract class Schema represents a Z schema in its simplest
form. States are represented by such schemas. For each schema in a speci-
fication, there must be a corresponding concrete class that extends Schema

in the implementation. In the example of Sect. 2, the BirthdayBook class is
such an extension.
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public class BirthdayBook extends Schema {

@AVariableDeclaration

protected HashSet <String > known;

@AVariableDeclaration

protected HashMap <String , GregorianCalendar > birthday;

public BirthdayBook(

HashSet <String > known ,

HashMap <String , GregorianCalendar > birthday) {

super("BirthdayBook"); this.known = known;

this.birthday = birthday;

}

@Override

protected void checkSpecificationInvariants ()

throws InvariantViolation {

Assert.isTrue(birthday.keySet (). equals(known ));

}

@Override

protected void execute () {

System.out.println("Names␣currently␣stored␣=" +

known.toString ());

} // ... other methods ...

}

Fig. 1. Part of the code automatically generated for the schema BirthdayBook . The
methods are generated empty, and the programmer is responsible for implementing
them. The framework takes care of calling the methods when appropriate.

Operation RAddBirthday = new SchemaCalcOR(

new SchemaCalcAND(aAddBirthday , aSuccess),

aAlreadyKnown );

Fig. 2. The transformation into Java code of the schema calculus expression that de-
fines the RAddBirthday operation. The classes being instantiated are provided by the
framework. They are responsible for calling the methods of the schemas given as pa-
rameters in order to provide the expected implementation for the calculus’ connectives.

Operation schemas The abstract class Operation is an extension of Schema
and it represents transitions between states. Again, for each operation schema
in a specification, there must be a corresponding concrete class that extends
Operation in the implementation. In the example of Sect. 2, the classes
AddBirthday, Success and AlreadyKnown are all extensions of Operation.
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Fig. 3. The relationship between the several development artifacts. Shaded blocks show
the ones which our method provides. Solid lines indicate steps that can be accomplished
automatically, while dashed ones show what has to be done manually. The thicker,
highlighted, arrow indicates the tracing mechanism, which takes places automatically
at the framework level. In this paper, we focus on this tracing mechanism.

Schema calculus connectives Each schema calculus connective must have its
own class, which should also be an extension of the base Schema. For exam-
ple, the framework provides the SchemaCalcAND and SchemaCalcOR classes
to model the connectives ∧ and ∨, respectively. And contrary to states and
operations, these classes are actually concrete and do not need to be ex-
tended. Rather, they are merely instantiated and their constructors take
schemas as parameters.

The classes generated for a specific application (i.e., mostly Schema and
Operation extensions) have a number of methods that are called by the frame-
work during the execution of the program. As we shall see in Sect. 4, this inver-
sion of control ensures that the execution follows certain patterns, which allows
one to ensure to a certain extent that it conforms with the specification. How-
ever, the methods themselves are empty and are supposed to be complemented
by a programmer. These methods are responsible for checking invariants, pre-
and post-conditions, as well as for executing custom code defined by the pro-
grammer. For example, the method checkSpecificationInvariants() given
in Fig. 1 is supposed to check the invariants defined in the specification, but the
programmer has to fill it because our translation mechanism does not translate
these inner invariants; it can only translate the overall schema structure.

The whole application comes together as an extension of the base abstract
class Specification. In such an extension, the several schemas, operations and
schema calculus expressions are grouped together. The base Specification pro-
vides methods to systematically run the whole system.
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4 Tracing

The generated code preserves the structure found in the specification in order
to relate events in the implementation to elements in the specification. This
tracing can be used in different manners. Below we examine in some detail the
mechanisms that allow such a tracing, and then we proceed to showing some
applications for it.

4.1 Tracing Mechanisms

As explained above, the code generated by our method mimics the structure of
its specification. In Z, the most important structural specification elements are
the schemas and the connectives that allows one to compose complex schemas
through a schema calculus. It is, thus, for these two kinds of specification ele-
ments that our framework defines corresponding implementation elements that
mimic their behavior. In this way, the final implementation’s execution is ac-
tually guided by the specification semantics, which allows one, at any time, to
pinpoint exactly which specification element is being exercised. Consider, for
example, the following schema calculus expression:

C == A ∧ B

It states that schema C is made of A and B (i.e., C is true if, and only if,
A and B are true). Let us assume that A and B are simple schemas defined
elsewhere. Then our method would translate the above expression into two new
classes, for A and B , and a new object for C , which would actually be an instance
of a base class found in the framework to represent the ∧ connective.

The programmer has the ability to insert executable code in each of the
new classes. Thus, for example, if an error occurs in the implementation of A,
an exception would be thrown and it would be possible to know that A was
responsible for it. Notice that this is not as simple as it seems, because one could
implement C without keeping the distinction between A and B . By restricting
the implementation to respect this distiction, we make such a precise detection
possible.

The implemented system behaves in a discrete manner. That is to say, it
acts according to a clock, and in each clock tick it updates all state schemas and
state schema expressions that it is composed of. During these update procedures,
events happen and tracing take place. When an operation is requested by the
user, it also produces a state change and tracing happens as well. What such
tracing will actually do, though, depends on its application, some of which we
examine now.

4.2 Tracing Applications

The following are some of the most relevant applications for our tracing strategy.
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Error Detection and Analysis If an error occurs during the execution of
a program, our framework will allow one to see precisely which specification
element is associated with the error. One will then be able to look in the specifi-
cation for the definitions associated with the problem. It could be the case that
the problem lies in the specification and, by pinpointing it there, the specifica-
tion itself might be corrected. For instance, if the specification defines a schema
that is actually composed by several other schemas, our translations preserves
these schemas, creating a class for each one. If one of them violates an invariant,
we can discover exactly which schema is related to the problem.

Logging and Profiling To understand the behavior of a system, one often
records data about its behavior. With our approach, it is possible to insert such
logging procedures on specific sections of the code in order to cover precisely the
desired specification elements.

Besides merely recording the system’s behavior, such logging can also be used
to analyze the code’s execution profile. It is possible, for instance, to discover
which parts of the specifications are most used during actual execution of its
implementation. This, in turn, may prompt the programmer to optimize not
only the program, but the relevant specification parts as well (e.g., by finding a
simpler formal definition).

In the example of Fig. 1, we could modify the execute() method to some-
thing like the following in order to log when it is used:

@Override

protected void execute () {

System.out.println("Names␣currently␣stored␣=" +

known.toString ());

Logger.log("Updated␣the␣BirthdayBook");

}

Simulation If one defines a formal model to be simulated (e.g., for agent behavior
[16]) and implements it, it is necessary to have a way to relate the simulation results
back to the formal specification. Otherwise, it becomes harder to interpret such results,
which renders them less useful. For instance, it might be useful to know precisely which
schemas of the formal model have actually been used during a particular simulation
experiment, in order to discover which assumptions are important for the observed
result. Without an accountability mechanism, this sort of inquiry becomes impossible.
And a standard mechanism, such as the one we provide, not only makes this possible,
but also frees the programmers from having to think about how to implement it.

5 Conclusion

In this paper we have described a method and associated tools to generate Java pro-
grams from a subset of Z specifications. We focused our presentation on the tracing
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capabilities that programs thus made have. We argued that the systematic preserva-
tion of the specification structure in the implementation allows a useful way to relate
one to the other. Moreover, we noticed that this is not a simple feature, since typical
refinement approaches do not bother to maintain such a mapping, and therefore make
such tracing unfeasible. It is the conventions that we define which allow the tracing.

Concerning the flexibility of the generated code, it is expected that the programmer
modify only the implementation of pre-defined methods in the generated classes. The
interaction and composition among the generated classes (e.g., through schema calculus
expressions) should not be modified, since this would compromise the correctness and
the tracing capabilities of the system.

Currently, the framework and translation tool we developed only support state and
operation schemas, and a few schema calculus connectives. This provides a minimal
repertoire to work with, but clearly lacks important elements, such as axiomatic defi-
nitions. Many of these can be tackled in the same fashion, and we aim at implementing
them soon. Others may prove to be harder, owing to limitations in the Java language
(e.g., absence of higher order functions).

Furthermore, our method imposes an efficiency penalty. Because all specification
schemas are represented explicitly, and the execution of the program involves calling
their methods, it follows that there are several layers of indirection. Moreover, the
implemented invariants are checked at runtime, which adds to the overhead. We believe,
therefore, that the technique is most useful when efficiency is not a higher priority than
the traceability requirements. This is the case, for instance, in prototypes, and also in
applications in which safety and accountability requirements are strong (e.g., banking
applications).

Our approach can also be specially useful when complex logical requirements are
to be implemented. For example, in applications for complex accounting or legal pro-
cedures. In such domains, the ability to automatically translate logical expressions into
code can make sure that no errors are introduced in so far as the logic is concerned.
Moreover, one can then carefully develop basic schemas which are to be reused in future
applications by schema calculus. And since schema calculus expressions are completely
generated by our technology, it follows that the reuse of these basic schemas is very
effective.

Finally, while our technology is specific to Z and Java, it should be clear that
analogous mechanisms could be built for similar specification and implementation lan-
guages. Concerning the specification formalism, it suffices that it provides elements
to describe states and operations. If it further provides a calculus to combine such
elements, it should also be possible to implement it in a way similar to ours. And, of
course, it is plain that any object-oriented language could easily substitute Java. Our
method, therefore, is a general one, and our particular implementation can be taken
as a proof-of-concept.
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Abstract. Model-driven product derivation requires traceability support when, 
for instance deriving individual products and change impact analysis. Dealing 
with traceability issues during model based product derivation in a large 
complex industrial SPL is error prone due to lack of tool support. As a result 
traceability management between connected models emerges as an important 
research topic. In this position paper, (1) we discuss research challenges as 
scenarios that are derived based on product derivation from developed example 
product line and (2) identify approaches to improve product derivation tasks 
using traceability. It is foreseen that the proposed traceability management 
recommendations will help understanding the traceability issues during product 
derivation and implementing the recommendations will make product 
derivation more efficient and less error prone. 

Keywords: Traceability, Product Derivation, Software Product Lines, change 
impact analysis. 

1   Introduction 

Software Product Line (SPL) allows companies to realize significant improvements in 
time-to-market, cost, productivity, and system quality [1]. One major difficulty with 
SPL engineering is to deal with thousands of variation points in an industrial size 
product line. These variant points need special attention as they add complexity 
during product configuration (PC) and product derivation (PD). Unfortunately the 
development and maintenance of a product line is a difficult task as compared to 
single systems engineering where initial setup cost is low. In a large SPL, software 
artefact traceability is an important factor when it comes to effective development and 
maintenance of software system; due to lack of automation support for maintaining 
traceability links between artefacts which is a tedious and a time consuming job. 
According to [2], traceability links between related artefacts need to evolve 
synchronously and reflect current changes and dependencies across multiple artefact 
types.  
     Traceability management facilitates the SPL artefacts to remain in synchronous 
state and ensures the consistency of derived products. However current techniques for 
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link recovery [3-5] are still human intensive and error prone. This research paper 
discusses how traceability relates to Product Derivation (PD) tasks and how by doing 
traceability management PD tasks can be improved. In this paper we identify PD 
tasks in a form of individual scenarios based on a sample product line. The identified 
scenarios are then analyzed. Use of traceability is motivated to resolve the PD tasks.    
     This paper is decomposed into following sections. Section 2 discusses the basic 
terminology of traceability in model-driven software development (MDSD) and SPL. 
Section 3 elaborates PD tasks. Section 4 discusses how traceability introduction can 
facilitate product engineer and automate the PD. Section 5 provides related work 
Section 6 is discussion and future work. Section 7 concludes the paper.  

2   Traceability 

In this section, we discuss the traceability terminology in both MDSD and software 
product line (SPL) paradigm. The term traceability has different meanings in different 
contexts. In the context of software artefact traceability, traceability can be defined as 
“the ability to relate the different artefacts created in the development life cycle with 
one another” [6].  
     Traceability is an important challenge in model driven development (MDD) [8]. 
One critical challenge in MDSD processes is the traceability of the requirements 
throughout the development life cycle and on different levels of abstraction [9]. 
Despite the fact that MDD involves automatic transformations traceability is still an 
open issue due to the large number of software development artefacts, relationships 
and dependencies among them, these factors make traceability more time consuming 
and error prone [10].  

According to Northrop [11], a “Software product line is an approach to develop 
core assets platform and satisfying a particular market segment’s specific by 
exploiting commonalities among shared asset base for needs or mission in a 
prescribed way. The architecture is a key among the collection of core assets. Each 
system in the product line is a product in its own right”. The need of maintaining 
traces among artefacts to support change management in software development is 
well documented in the literature [7]. Prior literature also describes that poor 
traceability leads to adverse impact (e.g. like decrease in system quality, increase in 
number of changes, loss of crucial knowledge due to turnover, erroneous decisions, 
misunderstanding and miss communication) on project cost and schedule [28]. 

Traceability helps identifying relationships and dependencies among artefacts. 
Traceability between requirements and their representation in the models is crucial to 
ensure that the relevant set of requirements is accurately elicited and eventually 
implemented in the code [29]. Not only traceability ensures identifying related 
artefacts and elements but it also can facilitate the change impact analysis during 
software development.   
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3   Product Derivation Tasks 

In this section we discuss few of the product derivation tasks in a form of scenarios 
and identify the potential areas for a use of traceability within SPL engineering. The 
identified scenarios are based on developed product line [14]. Not all of the PD 
scenarios are discussed but only the ones which might be facilitated by managing 
traceability. Many SPL research approaches focus on single development artefacts, 
(e.g. feature-oriented, component-based product derivation etc.) [12-13]. In order to 
exploit real benefits of a product line we need to connect these isolated models [14].   
    The authors have identified potential product derivation tasks in a form of 
scenarios. Decision, Feature and Component models are modeled artefacts from the 
RESCU product line [14] for automotive restraint systems. RESCU product line is an 
automotive Restraint System Control Unit (RESCU) product line. The following 
sections discuss few scenarios in detail as well as identify potential areas for 
traceability to facilitate the PD tasks. 

3.1 Change analysis and evolution of software product lines (Scenario 1)  

During PD change can arise in a form of i) Introduction of new requirements, ii) 
Resolving variability decisions, iii) Introduction of software or hardware components, 
iv) Extending the product line by adding new artefacts.  
    Introduced change needs special attention when it comes to understanding the 
consequences of the change during product derivation. In the next sections, we 
discuss introduction of change analysis, artefacts evolution, artefacts consistency, and 
change validation during product derivation and also identify potential area use of 
traceability. 

3.1.1 Impact Analysis (Scenario 1.1) 

During product derivation change can occur due to the following reasons i) Inclusion 
of newly built artefacts into the reusable assets platform (product line level), ii) 
Change in customer requirements (product level), iii) Updating the artefacts in a form 
of versions (product level) In DFC modeling languages [14] mention changes can 
occur in a form of addition of new decisions, features, and components in RESCU 
product line modeled artefacts (decision, feature and component models). The impact 
of change needs to be analyzed for change management during PD. 

3.1.2 Related artefacts evolution and consistency (Scenario 1.2) 

The newly built artefacts need to be added to the core assets platform for future reuse. 
Evolving related artefacts synchronously is still an open issue as current traceability 
schemes are focusing on one time snapshot of related artefacts [15]. In RESCU 
product line evolution is required when new changes are introduced to any of the 
modeled artefacts in a form of either adding new decision in the decision model, 
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addition/ deletion of features (functional requirement) in feature model or 
addition/deletion/updating of components in component model. Consistency on both 
product line and model level is necessary for derived product to be consistent and PD 
task to be less error prone.  
     In RESCU scenario it reflects to the decision, feature and component models. 
Modeling level consistency corresponds to the consistency between instantiated 
decision, feature and component models. And elements level corresponds to 
consistency that all the related decision, feature and component models elements are 
realized/implemented by their corresponding elements.  

3.1.3 Configured product variant validation and testing (Scenario 1.3)  

During PD product variants need to be validated and tested accordingly with respect 
to the customer’s requirements. One scenario can be when new variants are generated 
and reused again during PD. In this situation the related test cases needs to be 
identified for their testing and validation. In DFC modeling language new variants are 
generated and needs to be tested and validated with respect to the customer 
requirements. 

3.1.4 Identification of unstable product variants and 3rd party components 
(Scenario 1.4)  

During PD the reusable product variants are tailored by resolving the variability 
according to customer’s requirements. Change is introduced in product variants in a 
form of variants generation or updating of variation points. During the PD planning 
the product engineer might also want to analyze the highly unstable components 
which are of critical importance during product derivation. One situation could be in 
which change can arise during PD in product line is by introducing commercially of 
the shelf components (COTS), for instance when a customer wants to introduce either 
a hardware (e.g. navigation system) or software component (e.g. Oracle database) in 
the final product variant. As a result of introduction of new component the product 
engineer wants to analyze which hardware or software components are affected.  

3.2 Resolution of variability across related artefacts (Scenario 2)  

During PD which is an application engineering process, a product variant is derived 
from core platform artefacts/ core assets. In DFC modeling language it can be done by 
making decisions in the decision model which are than realized by the feature model 
and in the end realized by components in the component model. The problem arises 
when different versions of same artefact elements are developed and updated and this 
variant is not implemented in corresponding related artefact. 
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3.3 Identification of related documentation (Scenario 3)  

In this scenario, during PD in RESCU product line the customer gives his/her 
requirements to the product engineer and PD slows down because product engineer 
doesn’t understand particular feature or related component functionality. In this 
situation the product engineer wants to refer to feature or components documentation. 

4   Facilitating Product Derivation Tasks using Traceability 

In the previous section we discussed some of the potential candidate tasks during PD. 
In this section we give recommendations as to how traceability can help in automating 
the PD tasks. 

4.1 Interactive visualization of traceability links (Approach 1)  

The visualization of traceability links facilitates the issue of visualization of related 
artefacts elements. For example during PC only the related elements gets the focus 
and the rest of the artefacts elements hide might be one visual effect that can help the 
product engineer to remain focused and understand the consequences of the decisions 
made by product engineer. Navigation between related artefacts on model and 
elements level is also necessary when deriving a product. Providing a focus to a 
certain area in the model also enhances the understanding of dependencies between 
related elements. Visualizing and reporting an error and providing a guideline to solve 
an error can increase the productivity level. Visual identification can be used for 
different purposes, i) Identification of related elements, ii) Identification of missing 
elements, iii) Identification of changes made (adding, deleting, updating) related 
artefacts elements.  

4.2 Semantically enriched traceability links (Approach 2)  

Semantics gives the meaning to the language constructs which define the models in 
MDD. Semantics of traceability links is responsible for defining the constructs of the 
traceability links. Semantically correct traceability links ensure the consistency of 
related product line artefacts by capturing more meaningful traceability information. 
There are different languages for defining the semantics for example Meta Modeling 
languages (e.g. MOF [16], EMF etc), Higher order logic [17, 18], Propositional logic 
[19, 20].  
   Figure 1 shows traceability Meta-model established by us. Meta-model contains 
“Traceable Artefact” class. Traceable artefact acts as core platform containing 
different artefacts.  Different artefacts are traceable to each other via the class 
“Artefact Trace”. “Artefact Trace” class has attributes like “TId” (identifying unique 
artefacts), “TFreq” (for calculating frequency of artefact traces), “TVersion” (which 
artefact versions are traceable). Artefact consists of different artefact elements, these 
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artefact elements are traceable with each other via the class “Element Trace”.  Classes 
“Artefact”, “Artefact Trace”, “Artefact Element” and “Element Trace” can initiate 
change which is implemented in class “Change”. Change can be of different types. 
For simple version of traceability Meta model we have change types as Update, 
Delete and Add. Initiating the change leads to trigger the Change Action class. 
Change Action class is responsible for analyzing the change and can either implement 
the change (Implement Change class) or reject the change (Reject Change). This 
change can lead to either implementing change in a form of adding, deleting or 
updating related element or just rejecting the change after analyzing the change 
request. 
   Presented Meta model is facilitating attributed traceability links. Attributed 
traceability links means that traceability links shouldn’t be just acting like pointers to 
relate source and target artefact elements and vice versa but also should contain 
additional information (e.g. probability of variant selection, uncertainty factor for 
related artefacts elements). During PD in large complex product line the probability 
can be determined by frequency of reuse of a hardware or software component. This 
frequency of reuse can be added as additional information to the traceability links. 
The developed Meta model will facilitate the PD by giving more meaningful 
traceability links, for instance during PD if product engineer wants to check which 
versions of artefacts are traceable to each other. 

Fig. 1. Traceability Meta Model 
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4.3 Documenting traceability links (Approach 3) 

Documenting traceability links means that the information carried inside traceability 
links can be stored in a form of documentation. Documentation of traceability links 
facilitates the product engineer to analyze which artefacts elements are connected to 
each other along with their frequency of reuse during previous variant derivations. It 
is also possible that documenting traceability links might increase the overhead for 
maintaining the product line. But during PD in large complex product lines where 
thousands of artefacts elements are connect the product engineer might want to click 
the traceability link and get the information of related artefacts elements. This will not 
only save his time for analysis but also can serve as planning for next reuse. 

5 Related Work 

Murta et al. [15] present architecture to implementation traceability links evolution. 
The approach has provided initial views on how to manage the traceability links 
between architecture to implementation but still the introduction of new artefacts and 
traceability management among them is not yet elaborated as in our case we are 
dealing with traceability management of multiple models over time.  
    Asikainen et al. [21, 22] Kumbang supports both the Domain Engineering process 
and the Application Engineering Processes. Kumbang does link the features to the 
architecture. Unfortunately, there exists no direct visual, interactive representation of 
the relationships between these models. The guidance to resolve the conflict during 
PD is not provided that makes PD error prone and human intensive.  
    Pure::Variants [23] is commercially available feature modeling tool. It supports 
various views which provide different approaches for different stakeholder tasks but 
does not support cardinality. Pure::Variants is restricted to only two models and it is 
not mentioned that if other SPL artefacts can be traceable and managed. It is also not 
possible to navigate to change and analyze the consequences of introduced change.    
    The GenArch [24] approach is model-based tool support for PD. The approach is 
lacking traceability between feature and architecture models and relies on Java 
annotations to provide the traceability information which is not a flexible and robust 
approach. It is not possible to identify, navigate and analyze the change. Also 
introduction of new SPL artefact is not elaborated. 
    Satyananda et al. [5, 25, 26] identify traceability between feature model and 
architecture model using Formal Concept Analysis (FCA) approach. There is no 
visualization or tool support available for the approach. Hence identification and 
analysis of introduced change during PD is not possible.  
    DOPLER tool suite [27] is integrating decision model and asset model (based on 
domain specific meta model) with the inclusion condition relationships between them. 
The complex relationships between decisions and assets are expressed in a simple rule 
language. Self developed engine is currently used for serving the purpose. Change 
identification and management using traceability is not elaborated also how to 
manage traceability when between pre-existing SPL artefacts (e.g. code, 
documentation) is not described. 
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6 Discussion and Future Work 

After analyzing the Scenarios and recommended approaches we believe that 
undertaking the recommendations can help PD tasks. After analysis of RESCU 
product line with recommended approaches we deduce that not each of the approach 
is facilitating all of the PD tasks but only a subset of them. We describe the PD tasks 
supported by each of the approach in form of a table.  From Table 1 we can deduce 
that not every approach is supporting all the scenarios, rather subsets of the scenarios 
can be supported by each of the suggested approach. We can also deduce from the 
table that one can develop such approach which is union of all the suggested 
approaches in order to facilitate most of the scenarios identified by the authors during 
PD. 
     It is planned to further review existing literature on existing traceability 
management approaches in product derivation. Initially developed product line has 
been developed. The proposed architecture for prototype tool will be based on Eclipse 
modelling framework (EMF) and model transformation techniques (open Architecture 
Ware). Figure 2 shows the plug in architecture of the proposed prototype. The 
proposed case study will lead to initial prototype development for automating PD in 
related artefacts for traceability links extraction and consistency checking for better 
change management using semantically enriched traceability Meta model. The 
Prototype will be consisting of set of Plug-ins (AutoMapper, ConsistencyChecker, 
ChangeManagement, and Visualization). 

Table 1.   Suggested Approaches and Scenarios Supported.

Suggested Approach Tasks Supported 

Approach 1  Scenario 1.1, 1.4 
Approach 2 Scenario 1.1, 1.2, 1.3, 1.4, 2 
Approach 3 Scenario 1.4, 3 

7 Conclusion 

This position paper presented different recommendations for using traceability 
management for efficient PD tasks in large scale software product lines. The proposed 
recommendations focus on providing interactive visual support, semantics and 
documentation for traceability links. The recommendations given to support PD tasks 
are general in nature but of importance. A semantically enriched traceability Meta 
model is also been proposed. We believe that by implementing the provided 
recommendations for change analysis, validation, components selection/elimination, 
identification of high risked feature, unstable components can be supported in a large 
scale PD environment. Initial plug-in architecture of proposed prototype is also 
provided (Figure 2). 
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Fig. 2. Prototype Tool Architecture 
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Abstract. With the inception of Model-Driven Software Engineering
(MDSD) the need for traceability is raised to understand the complexity
of model transformations and overall to improve the quality of MDSD.
Using the advantage of generating traceability information automatically
in MDSD, eases the problem of creating and maintaining trace links,
which is a labor intensive task, when done manually. Yet, there is still
a wide range of open challenges in existing traceability solutions and a
need to consolidate traceability domain knowledge. This paper proposes
a generic framework for augmenting arbitrary model transformation ap-
proaches with a traceability mechanism. Essentially, this augmentation is
based on a domain-specific language for traceability providing the formal-
ization on integration conditions needed for implementing traceability.
The paper is of positional nature and outlines work currently in progress.

1 Introduction

Traceability of artefacts provides the means of understanding the complexity
of logical relations existing among artefacts generated during the software de-
velopment lifecycle. With the inception of model-driven software development
(MDSD) [1] entailing the use of models for different domains, such as business
processes, system requirements, architecture, design and tests, the artefact scope
has clearly been diversified. Maintaining and defining relations and dependen-
cies between artefacts is a nontrivial task and has been a known challenge since
the early 1970s. Questions concerning design decisions, or whether a certain re-
quirement is necessary and what its effect on system level would be if deleted,
all urge the need for continuous traceability of artefacts throughout the devel-
opment lifecycle.

Although the advantages of traceability have been identified, its realization in
practice has only taken hold scarcely [2, 3]. The commonly stated reasons are: (1)
the high cost of manual creation and maintenance of traceability information; (2)
lacking heuristics to what kind of trace link information should be tracked; (3)
discrepancies between traceability stakeholders (those creating links and those

69



using links); (4) lack of adequate tool support; (5) artefacts are written in dif-
ferent languages (natural vs. programming languages) (6) and they describe a
software system at different levels of abstraction (design vs implementation).

In the IEEE Standard Glossary of Software Engineering Terminology [4] the
notion of traceability is defined as: The degree to which a relationship can be es-

tablished between two or more products of the development process, especially

products having a predecessor-successor or master-subordinate relationship to

one another; for example, the degree to which the requirements and design of

a given software component match. Traceability information in MDSD can be
understood as the runtime footprint of model transformations. Essentially, trace
links provide this kind of information by associating source and target model
elements with respect to the execution of a certain model transformation. The
corresponding models may conform to the same or different metamodels. Trace
links have a manifold application domain [5, 6]:

– System analysis to understand system complexity by navigating via trace
links along model transformation chains

– Coverage analysis to determine whether all requirements were covered by
test cases in the development life cycle, where the traceability of models
resp. model elements is an integral part

– Change impact analysis, i.e. to analyze how changing one model would effect
other related models

– Orphan analysis to find orphaned model elements with respect to a specified
trace link

– Model-based debugging, i.e. mapping the stepwise execution of an implemen-
tation back to its high-level model and model transformation debugging

In this paper, we propose a generic traceability framework for augmenting ar-
bitrary model transformation approaches with a traceability mechanism. To
achieve this goal, we advocate two research directions:

1. Augmentation of the generator logic intending trace link generation
2. Augmentation of input models with model markers, serving as a reference

for trace link generation

This approach is based on a domain-specific language for traceability, presenting
the formalization on all adequate conditions and measures needed for implement-
ing traceability in the context of MDSD.

The content of the following sections are structured as follows. At first, we
reflect challenges for traceability in MDSD and give an overview on related work.
In section 3 an outline of the proposed approach is demonstrated, followed by our
approach on eliciting the necessary requirements for the Traceability Domain-
Specific Language in section 4. Finally, section 5 gives an outlook on future work
and section 6 summarizes this paper.

2 Challenges for Traceability in MDSD

MDSD raises the need for traceability to understand the complexity of model
transformations and overall to improve the quality of MDSD. Introducing model
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transformations, to generate trace links automatically, eases the task of creating
and maintaining trace links, as opposed to when done manually, entailing high
development costs. [7]

According to [6, 8] transformation approaches either generate trace links im-
plicitly or explicitly, that is, in the former case, either provide an integrated
support for traceability or in the latter one, rely on a developer to encode trace-
ability as a regular output model. The major advantage of implicit trace link
generation (e.g. QVT [9], MOFScript [10]) is the fact, that no additional effort
is necessary to obtain trace links between input and output models, as they
are generated automatically in parallel to the actual model transformation. A
disadvantage is, that the traceability metamodel is fixed. Since most transfor-
mation approaches have differently defined metamodels, standardization among
different approaches is aggravated. Furthermore, the level of granularity of trace
links may differ form one traceability scenario to another. Setting the granular-
ity of trace links has been identified as a challenge by the Center of Excellence
for Traceability [11]. When tracing all model element references, the number
of trace links might become incomprehensible and hence less useful to the de-
veloper. Furthermore, it might be a performance issue when handling large and
complex model transformations. In addition, not all model information is allowed
to be traced for security reasons, mandated for instance by customer needs.

Alternatively, as in the case of explicit trace link generation, it is possible
to treat traceability as a regular output model of the transformation and in-
corporate additional transformation rules to generate it. (e.g. ATL [12], oAW
[13]) The choice of metamodel is then completely at the discretion of the devel-
oper and does not depend on the transformation engine. Hence, the trace link
granularity is adaptable. The drawback is that additional effort is required to
add traceability-specific transformation rules, which may also pollute the imple-
mentation. An approach that partly solves these issues in ATL by automatically
generating the traceability-specific transformation rules was proposed in [14].

Another challenge stated by [11] concerns the semantics of trace links. It is
often necessary to distinguish between different kinds of links. For example, a
link between a textual requirement and a model element has a different semantic,
than a refinement relationship within a model. The required kind of links are
often highly project dependent [15]. Fixing the kinds of semantic links, has the
consequence of less flexibility for user-defined links that might be necessary to
meet different project or company needs. On the other hand, since the choice of
semantic, attributed to a link, is guided by the reasoning about what the user
will perform with the link [5], not predefining the link semantics, may result in
failure of reasoning, due to misuse of the semantics.

3 Traceability Approach

The main idea of the followed approach is to rely on work and solutions already
available and not to implement yet another transformation language. Neverthe-
less, is the aim to focus on current traceability solutions, consolidate benefits of
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implicit and explicit trace link generation and tackle the above-mentioned chal-
lenges to derive the necessary requirements for a generic framework. In essence,
our approach follows two research directions both based on a commonly used
conceptional layer. The main motivation for such a conceptional layer is based
on the idea, proposed in the survey of [15], that the kind of traceability data to
be collected is dependent on the actual traceability goal, that is, which traceabil-
ity question is expected to be answered. To formalize this traceability concern,
a system of rules and regulations is necessary, on when to trace, what kind of
traceability data. Additionally, to specify, the granularity level and what kind of
trace links are allowed between certain artefact types, given a certain traceability
goal. This formalization will be defined with respect to a domain specific lan-
guage for traceability, which is called Trace-DSL in the following. The Trace-DSL
logic encompasses all heuristics on how to manifest traceability-specific rules for
arbitrary model transformation approaches, providing explicit knowledge to the
developer on their integration.

The following two research directions are investigated, showing different ap-
proaches on how to achieve the population of a traceability metamodel in parallel
to the execution of a model transformation. To populate a traceability meta-
model we discussed two classes of transformation engines in section 2. Explicit
trace link generation requires the incorporation of additional transformation
rules to generate trace links. As this task is generally done manually, it is likely
to be error-prone and time consuming. Although work has been done on the
automation, to some extent, e.g. [14], still every transformation template needs
to be adapted individually, for the explicit generation. For generators, that al-
ready provide a dedicated traceability support, as in the case of e.g. QVT, this
effort would theoretically not be necessary, yet there is a need to tune the level
of granularity of trace links, as motivated in section 2. Native tracing without
a clear rule system on the conditions and measures of tracing, may lead to an
unnecessary overkill of traceability information, performance issues and viola-
tion of security measures. The guidance, to trace only relevant information is
provided by the Trace-DSL.

Hence, the first research direction is proposed to enhance the generator logic
itself for the purpose of traceability functionality.

– Augmentation of the generator logic: One way to populate a traceability
metamodel is to provide a generic interface and trace engine for arbitrary
generators, as depicted in figure 1. In this case the interface supplies the
engineer with an API to connect his generator to the trace engine. As a
result, the generator is featured with traceability functionality. The inter-
face is based on the Trace-DSL, to account for a formalized rule system on
traceability.

The second approach to be examined follows the idea of high order transforma-
tions and in contrast to the first approach does not focus on the level of the
generator logic.

– Augmentation of input and output models: Prior to the transformation the in-
put model is first augmented via model transformations with certain markers
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Fig. 1. Augmentation of the generator logic

such as identifiers or properties, as shown in figure 2. This enhanced model
is then transformed by the generator into an enhanced output model. In
essence, both models are compared automatically with respect to the cor-
relation of before and after markers. Querying of traceability information is
then coupled to these methods of auto-correlation. The Trace-DSL orches-
trates the model augmentation to again only trace relevant information for
a certain underlying traceability question.

Aug. Input ModelsAug. Input Models Output ModelsOutput Models

Model Marker Correlation

Input ModelsInput Models

(i) Augmentation (ii) Transformation

Model Element
Augmented Model 
Element

Fig. 2. Augmentation via Model Markers

Concluding this section, our traceability framework consists of three main
components: 1. A traceability metamodel, 2. an extensible trace manager, that
handles serialisation and management part (import, export, visualisation, anal-
ysis, edition) and 3. a language agnostic Trace-DSL.

4 Traceability Domain-Specific Language

In the following we outline our approach on eliciting necessary requirements for
the Traceability Domain-Specific Language (Trace-DSL). In doing so, we define
the typeset of trace links being a building block of the Trace-DSL.

1. Trace link type set: To derive the set of link types for the Trace-DSL,
we fix the set of traceability scenarios as described in section 1. Our derivation
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process is based on defining four elementary link types based on minimal MDSD
operations. Secondly, this derivation is driven by the set of traceability scenarios,
as explained below.

The choice of traceability data is coupled to the kind of underlying reasoning
the user performs on the collected data [5], that is, to a certain traceability
scenario. This has consequences for the choice of semantic, attributed to a trace
link. The goal of deriving the set of trace link types is therefore dependent on
the set of traceability scenarios. In addition, this set is to define a link type
set with a sufficient and necessary number of links, therefore constituting the
minimal number of link types needed to account for the mentioned traceability
scenarios. One way to achieve this, is to focus on elementary links and not
on their compositions as link types to eliminate redundancies in the type set,
thereby lowering the semantic richness to the maximal extent, as depicted in
fig 3. Minimizing the semantic richness has an advantage with respect to the

Low semantic 
richness

High semantic 
richness

Our work

Fig. 3. Semantic richness of the trace link set

formulation of traceability queries in particular, since the use of semantics is
unambiguous and the traceability user is not burdened with unnecessary link
types and generally eases the usability of the traceability framework.

Essentially, we classify our trace link set into implicit and explicit link types,
as proposed by [16]. Nevertheless, we follow a scenario-driven link type derivation
process with the maxim to define a minimal set of elementary links.

– Implicit trace links – referring to trace links between artefacts that arise due
to a MDSD operation, e.g. a model transformation.

– Explicit trace links – referring to trace links between artefacts that are cre-
ated manually (mostly). Explicit trace links can be further categorized into
trace links between models or between models and artefacts, that do not
conform to a metamodel (e.g. between a model and a requirement).

In the following we focus on implicit trace links and show their derivation. Trace-
ability, in our opinion, is the tracking of all changes possibly applied to models
resp. model elements during a model transformation chain. In order to gather all
possible changes we propose to brake down a model transformation chain into
its elementary operations (eo). For the resulting set of elementary operations, we
define for each type of eo, a certain link type between the corresponding source
and target model element.

The link type derivation is based on the following classification, as shown
in the table of figure 4. According to [6] source-target relationships of model
transformation approaches may be categorized into different classes: Either a
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new target model is created, and/or the transformation operates on an exist-
ing target model. The latter case may be split up into update transformations,
where the existing target model -other than the source model- is updated or
in place transformations, where source and target are always the same model.
Furthermore an update transformation works destructively by removing model
elements or by extension only, leaving existing model elements unaffected. Since

QVTxxxx

Transformation  
approach
example

Extension OnlyDestructive

Update In Place

VIATRAx

ATL*x

Existing Target ModelNew Target Model

QVTxxxx

Transformation  
approach
example

Extension OnlyDestructive

Update In Place

VIATRAx

ATL*x

Existing Target ModelNew Target Model

* ATL may simulate an in place transformation by applying an automatic copy mechansism

Fig. 4. Source-target relationships

the above classification states all possible relationships existing between source
and target model elements, which may be interpreted as the result due to op-
erations on model elements, we propose to derive the set of possible elementary
operations from the above classification. In addition, we base our definition on
the well-known set of CRUD-actions, which seem promising as frame of reference
to gather all possible elementary operations on model elements. Essentially, we
identify four eos and define the corresponding trace links as follows:

– For a newly created target model, we define a create link between source
model element/s and target model element/s

– For an update (destructive or extension-only) as well as update in-place
transformation, we define an update link between source model element/s
and target model element/s

– For a delete operation on a model element, we define a delete link as a special
case of an update link

– For a query (read) operation on a model, returning a subset of model ele-
ments from the source model, we define a query link between each source
model element and returned target model element.

Since the above trace links generally represent many-to-many relations, we in-
terpret these links as hyperlinks. Working with hyperlinks has the advantage of
keeping track of whether a certain model element was generated in parallel to
other model elements via a certain operation. Complex model transformation
operations are concatenations of the above CRUD-actions and accordingly in
terms of traceability this implies the concatenation of corresponding trace links.
For instance, since a model transformation is an MDSD transformation that
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transforms one or more models into a set of new models, the corresponding con-
catenation of trace links for example consist of a create link (hyperlink) followed
by one or more update links (hyperlink).

In the following we shall refer to the resulting concatenation of trace links
due to a chain of CRUD-operations as a trace path. For the sake of simplicity we
omit the actual model elements worked upon by the operations in the definition
of a trace path. According to the restrictions on the concatenation of trace links
arising from the classification on source-target relationships [6] it follows, that
a trace path essentially is a finite word t from either of the following regular
languages:

– t ∈ {create link} {update link, delete link, query link}
∗ denoting the set of

all finite words over the alphabet
{create link, update link, delete link, query link} starting with the the sym-
bol create link; in case a new target model is created, followed by successive
operations

– t ∈ {update link, delete link, query link}
∗ denoting the set of all finite words

over {update link, delete link, query link}; in case of in place transforma-
tions, if source and target model are the same

In the next paragraph, we validate our implicit trace link set, by showing to
which extent its semantic richness discloses sufficient information to carry out
the so far mentioned traceability scenarios.

1. System analysis and Model-based debugging requires the stepwise navi-
gation between source and target model elements. Trivially, the above defined
trace paths hold sufficient information for this.

2. A change impact analysis requires the computation of all dependencies
of a certain model element potentially being changed. These dependencies are
elicited by the following trace links, those that are inferred implicitly, i.e. through
MDSD operations, which we tracked down by all CRUD-actions, and those that
are explicit dependencies, bestowed on model elements e.g. through requirement
dependencies. The former case thus necessitates to calculate all possible outgoing
trace paths (from the regular languages as we defined above) from the model
element upon which the impact analysis is conducted. In addition, the Trace-
DSL link types need to include explicit links, such as a dependency link.

3. To execute a coverage analysis and determine whether all requirements
were covered by test cases in the development life cycle, we make use of the
above defined trace paths to check coverage of model elements from one MDSD
operation to another. Yet, to follow the shadow of a requirement down to test
level, we include the explicit links, satisfies link (defined between a requirements
and primary model/model element) and verifies link (defined between code frag-
ments and test cases) into the Trace-DSL link type set.

4. Performing an orphan analysis deals with the deletion of model elements
that are not referenced by and do not reference any other artefacts. If neither of
the implicit trace links nor any explicit links imply such references, the model
element may be deleted.
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2. Trace link type hierarchy: Next to the manifestation of a link type
set for the Trace-DSL, we define a link type hierarchy. The integral idea of
this hierarchy is to improve reasoning of traceability data by generalization,
classification, and aggregation of link types. When defining subtype links for a
certain link type, it suffices to formulate a query on the basis of the supertype
link only, instead of detailing subtypes, if it is negligible to the query output.
For instance, for the above change impact analysis when defining a contains link

as a subtype of a dependency link it would be negligible to specifically include
the contains link into the query.

Analogously motivated, while limiting the set of implicit link types to four
elementary types, research is done on finding patterns how these elementary
links relate to certain operations on models in terms of a certain concatenation
pattern of elementary links.

5 Future Work

The two proposed research directions run orthogonally to each other with respect
to their target points, being the generator logic level (first approach) versus the
model level (second approach). By comparing their complexities, advantages and
disadvantages, from this experience, we wish to develop a generic traceability
framework for arbitrary transformation engines based on the Trace-DSL. As a
third research direction, future work is directed at the generation of traceability-
specific rules based on the principles of metamodel matching [17]. It is to be
investigated, how to use the resulting alignment of metamodel matching, to
generate the code of traceability-specific rules, automatically.

Regarding the Trace-DSL based on section 4 results, the following points are
to be investigated. The links type set of current research responds to a fine-
grained view on traceability, i.e. tracing model elements. The benefits of using
link type sets for more coarse-grained traceability entities, such as models is
under exploration. Furthermore, the actual rule system of the Trace-DSL has to
be derived. Essentially this system constitutes rules of configuration, as follows:

– Artefact- and Linktypes: Rules on when to trace which kind of artefact
types from a defined type system by using which kind of link types from a
defined type system.

– Link Granularity: Rules on the link granularity are derived with respect
to the aforementioned type systems

– Link Cardinality: Rules on the cardinality of link types
– Tracebility Time: Rules to configure the period of time, for setting the

time a certain artefact is traced
– Tracebility Security: Rules on the security level of traceability data (man-

dated for instance by customer needs) i.e. to set whether it is allowed for
certain artefacts to be traced
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6 Conclusion

In this paper we proposed two orthogonal research directions with respect to
different target points, being the generator logic level versus the model level.
By comparing their complexities, advantages and disadvantages, we wish to de-
velop a generic traceability framework for arbitrary transformation approaches
based on a Traceability Domain-Specific Language (Trace-DSL). Essentially, the
Trace-DSL provides a rule system, presenting the formalization on all adequate
conditions and measures needed for implementing traceability in the context of
MDSD. Regarding the Trace-DSL we presented a traceability scenario-driven
link type derivation process with the maxim to define a minimal set of elemen-
tary links.
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