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Abstract

The need to properly manage change within software projects is very real. Not
the least of the consequences of unmanaged or poorly managed change is de-
creased software maintainability. As changes in higher abstraction levels always
propagate to the lower levels, it is important to manage change not only in code
and design, but in requirements documents and requirements models as well.

We propose a method for managing changes within requirements. This
method is based on keeping requirements models (expressed in SysML) in sync
with what the stakeholders want, also known as the application domain. It
focusses on determining which model elements are impacted, how they are im-
pacted and how the impact has to be dealt with. Changes in the application
domain are identified, a model element is designated to be affected and from this,
the complete impact of the change on the model is calculated using the require-
ment relations as trace links. This calculation is performed using propagation
rules, which are derived from the formalization of requirements, requirement
relations and applicatoin domain changes we have created.

A running example is used to show the usage and practicality of the method.
Some application domain changes of varying complexity are applied to an ex-
ample requirements model to illustrate how the method performs in practice
and how useful it can be. Furthermore, we provide tool support in the form
of a prototype. This prototype, an extension of the commercial tool Blueprint,
illustrates the user interactions in the process.

The method we propose has some limitations. First of all, it is partially
automated. The experience and knowledge of a requirements engineer is still
required for proper use. Second, it is based upon a very specific interpretation of
the requirements relations in use. As there are many other viable interpretations
possible, this method may not be applicable to every software project without
adaptation. Apart from these limitations however, we believe the method does
provide meaningful support to change management within software require-
ments models.
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Introduction

1.1 Context

Change management has always been a vital process within software develop-
ment projects. Traditionally, it is performed more or less ad hoc. First, a change
is requested, for example because a stakeholder presents a change in his or her
interests. A software engineer uses his experience and knowledge of the software
to then identify which software artifacts are affected by the change, how they
are affected, and how they should be updated.

In smaller software projects, this approach may be prudent. However, when
software projects get larger and more complex this may lead to serious issues.
Studies have shown that when predicting change impact, software engineers
tend to severely underestimate not only how many artifacts are impacted, but
also how bad the impact will be for those artifacts [LS98].

[RI06] depicts the current status of requirement change management process
models. It describes a multitude of activities within change management process
such as planning for change, cost benefit analysis and submission of modification
report. Their focus is on the organizational aspect of change management.

A lot of research has been performed in the field of change management,
focussing on the effects of different methods (or lack thereof) and on improving
these methods. For example, [JL04] identifies four common impact analysis
strategies:

e Analyzing traceability or dependency information

Utilizing slicing techniques

Consulting design specifications and other documentation
o Interviewing knowledgeable developers

The first two of these methods are automatable processes, the last two are
manual.
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[BLOSO06] defines an automated change impact analysis process in the con-
text of UML models. It focusses on keeping several UML models of a single
software system in sync with each other by propagating changes made to one
model to related models. The process consists of four subprocesses:

e Verify the consistency of changed diagrams. In other words, check if the
model is consistent with itself

e Automatically detect and classify changes. Classify according to a prede-
termined change taxonomy

e Perform impact analysis. Based on impact analysis rules, using the change
taxonomy

e Prioritize the results of impact analysis.

Several other approaches have been developed. Although the previously
mentioned approaches consider other software architects as well, most approaches
are based on change impact analsysis to and from software code. These ap-
proaches certainly have their merits, but in larger software systems it is neces-
sary to properly manage change in higher abstraction levels, such as the design
and the requirements, as well.

One approach which focusses mostly on requirements is [GKvdB09]. This
research defines its own metamodel of requirements and requirements relations
with a well-defined mathematical basis. They apply a distinction between
changes based on the notion of the application domain'. The domain is that
which the stakeholders have an interest in, and that which the model has to
represent. The types of changes are:

e A change which is necessitated by a change to the domain. These affect
the functional and non-functional properties of the required system.

e A change which is not related to a change in the domain. These do not
affect the functional or non-functional properties of the required system.
They are usually refactoring changes.

When a change is made of either type, the requirements relations are used
as traces to determine if the change needs to be propagated to other model
elements. This propagation is performed by use of propagation rules, which are
based on the mathematical definition of requirement, requirement relations and
changes. This work has provided us with a good starting point for our research
and excellent comparison material, even though there are several elements which
make the two researches very much distinct.

The main distinctions between our work and [GKvdB09] are that we use a
different modeling basis and that we do not support managing changes which
do not stem from changes in the domain.

As in [GKvdBO09], we consider only change management within requirements
models, as shown in figure 1.1. The boxes in this picture (apart from the
domain) show the levels of software development with artifacts. The artifacts
in the requirements level can be extracted from the domain. The artifacts in the
high level design can be derived from the requirements, and so on. When the

1We refer to the application domain simply as the domain
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requirements have been derived from the domain and later on a change occurs
in the domain, the requirements may need updating. This is what we intend to
address and it is shown in the figure by the solid line. Note that this kind of
propagation holds for any two layers, and that this is also transitive.

Domain

|

Requirements

~
[}
L]
L]
1]
High level
design
~
L]
L]
L]
= Legend
Detailed design eeeaa)  Doivedfiom
? #’ Change management
'
[ ]
Implementation @ Domain level

Figure 1.1: Abstraction levels in software development

Current tool support for change management within requirements models
is limited. One tool which is widely used is Rational RequisitePro, created by
IBM [Req]. Amongst other things, this tool allows users to specify requirements
and to specify which requirements are related to one another. It is not possible
however, to specify exactly how requirements are related, which severely limits
the change management possibilities.

1.2 Problem statement

The main problem we deal with in this paper lies in change management within
software projects. There are many aspects to change management, including
how to perform it organizationally and applying cost benefit calculations. We
consider only the technical side of the problem, i.e. the effect of the change on
the software and how to handle it within the software.
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Change management can be performed on different abstraction levels, such
as the design or the code. The effect of a change can easily span over sev-
eral levels, and in perfect change management all levels would be considered.
However, since this would be a monumental task, we consider only the levels
of domain and requirements. There are several ways in which the requirements
can be represented. We use a subset of the SysML metamodel developed by
OMG, because it contains a number of predefined requirements relations. See
also [OMGO07a].

The largest issue with the current approaches, is that the relations lack
semantics. This causes the impact analysis to be very imprecise in that there will
almost always be false positives. In many cases, a change to a single requirement
will affect a very large part, if not all of the model. This is known as the impact
explosion.

Our main research question is the following: Given a change in the do-
main, how does the SysML requirements model have to be updated
in order to correctly reflect the domain?

In order to answer this question, we first have to determine the impact of
the change. This involves determining which model elements are impacted, and
how.

Determining which elements are impacted is done by examining the type of
the domain change and the relations between the requirements in the model. So,
in order to perform this step correctly, we need to classify the domain changes
and formalize them along with the requirement and the requirement relations.

Determining how elements are impacted also involves determining the kinds
of impact a domain change can have on the model. These impacts will also need
to be classified. As a final step, the model needs to be updated according to the
information gathered in the previous two steps. In order to update the model,
we need to classify model changes and relate them to types of impact.

Our overall goal is to provide support for change impact analysis within
software projects. The research questions are divided into three categories:

1 Classification

1.1 What are the types of domain changes

1.2 What are the types of impact of domain changes on model elements
2 Determining and resolving impact

2.1 How can we determine which model elements are impacted
2.2 How can we determine the type of impact on these elements

2.3 How can we solve the impact of domain changes on model elements
3 Tool support

3.1 How can we use tools to support change management

1.3 Approach

We start our work by doing literature research in the field. This includes other
change management research and requirements management research. Most no-
tably, we will closely examine [GKvdB09], but also other existing requirements
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management methods. We will also look at existing requirements management
tools. A running example will be used to determine the viability of the process
and a prototype will be constructed to examine tool support possibilities.

1.4 Overview

The document is divided into the following parts:

Chapter 1. Introduction

Chapter 2. Basic concepts.

Chapter 3. Definitions and classifications.

Chapter 4 and 5. Impact analysis process and mathematical foundation.
Chapter 6. Example usage of impact analysis process.

Chapter 7. Tool support.

Chapter 8. Evaluation and conclusion

Appendices. Test plan and example model.






Basic concepts

This chapter describes some the basic concepts we use in our thesis. These
include various modeling standards, model driven engineering and change man-
agement.

2.1 MOF

The MetaObject Facility (or MOF) is a standard adopted by OMG which defines
a metamodel that is currently being employed by a number of widely used
technologies, such as UML and SysML, which will both be described later in
this chapter. It is defined in [OMGO06].

2.1.1 OMG four layered architecture

MOF is at the top of the OMG four-layered architecture, shown in figure 2.1.

e MO is the data layer, such as the program being executed.

e M1 is the model layer, which contains models as built by system engineers.
It is this model the data in layer MO conforms to.

e M2 is the metamodel layer, which contains metamodels such as UML and
SysML. A systems engineer applies this metamodel to create models of
layer M1.

e M3 is the meta-metamodel layer, which contains the metamodels of the
metamodels, including MOF. In the OMG four layered architecture, there
is no higher level. The metamodel of MOF is MOF. That is, MOF is
defined in itself.
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M3
______________ MOF

M2
______________ UL, Syshil

______________ Model

[ai

______________ Data

Figure 2.1: OMG architectural layers. Based on [OMGO02]

2.1.2 Purpose of MOF

The main purpose of MOF is to provide interoperability of models. A model
which conforms to MOF can be imported, exported and edited by any tool with
the possibilities. If no such higher-level metamodel would exist, tools would have
to be customized for every (meta)model it would want to work with. However,
it is not only tools which benefit from MOF, but also technologies. The Object
Constraint Language for example, which is explained later in this chapter, allows
developers to apply constraints to any model which conforms to MOF'.

2.2 UML

2.2.1 Modeling using UML

The Unified Modeling Language (UML) is a language for specifying, construct-
ing and documenting object-oriented software systems and is defined in [OMGO7b].
It is a general-purpose modeling language that can be used with all major object
and component methods, and that can be applied to all implementation plat-
forms, such as J2EE and .NET. UML is also a visual language, which means it is
specified in diagrams. UML specifies several diagram types, the most commonly
used including:

e Class diagrams. Describe the static structure of a system by showing
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the classes, attributes, operations and the relations between classes.

e Use case diagrams. Describe the functionality of a system by showing
the actors, the goals and the relations between these.

e Sequence diagrams. Describe the workings of a system by showing the
objects and the messages exchanged between them.

These diagrams, among with many others in UML, are used by software devel-
opers throughout the world to specify and document their software systems. As
stated before, UML uses MOF as its metamodel.

2.2.2 Customizing UML

In many cases, it is desirable to customize UML to a certain domain. Cus-
tomization is possible using profiles, which define an extension to any reference
metamodel (such as UML). The only requirement for the reference metamodel
is that it conforms to MOF. Each profile contains any number of stereotypes
that extend an already existing element of the metamodel, e.g. a metaclass or
an actor. Stereotypes have meta-attributes called tagged values. When creating
a model which conforms to a metamodel with a specific profile applied to it, the
elements with custom stereotypes have to have a concrete value for each tagged
value of that stereotype. Figure 2.2 shows how MOF, UML and UML profiles
relate to each other.

MOF
Conforms 1o
| UML with
UML profile
Extends
Conforms fo Conforms to

Domain

Model specific
model

Figure 2.2: MOF, UML and UML profiles

2.3 Using OCL with UML

The Object Constraint Language (OCL) is a formal language first used to de-
scribe expressions on UML models and is defined in [OMGO03]. It has been
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adapted by OMG so that it can now be applied to any MOF-based model.
These expressions typically specify invariant conditions that have to hold for
the system being modeled, but can also be used to define pre- and postcondi-
tions. OCL is necessary for these constraints as there is often no other way
in these models to describe them formally. Of course, natural language can be
applied, but this requires the constraints to be checked manually, as opposed to
automatically.

The constraints can range from simple to very complex. As a simple example,
consider a class Person with a single attribute: age. A sensible constraint would
be to ensure that the age of a person is always greater than or equal to zero. In
OCL, it could look like this:

context Person inv ageConstraint:
self .age >= 0

The constraint first specifies the context as the class int Person. Next, the
type is set: inv for invariant. Other possible types are pre and post. It then
names itself ageConstraint. The second line specifies that the attribute reached
with self .age has to have a value higher than or equal to zero. Note that self .
may be omitted in this case.

2.4 SysML

SysML is a general-purpose modeling language for systems engineering that is
designed to provide simple but powerful constructs for modeling a wide range of
systems engineering problems and is defined in [OMGO07a]. It supports modeling
and specifying requirements, structure, behavior, allocations and constraints
of systems. In the same way the Object Management Group has introduced
UML in an attempt to standardize software modeling, SysML is intended to
standardize modeling and engineering of almost any kind of system. SysML
reuses a subset of UML 2, called Uml4SysML. Figure 2.3 shows how Uml and
SysML relate to each other.

SysML

SysML
extensions

umL

reused by
UML SysML
not required (UML4SysML)
by SysML

(UML - UML4SysML)

Figure 2.3: UML and SysML. [OMGO07a]
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The region marked ”SysML Extensions to UML” indicates the new modeling
constructs for SysML which do not have a counterpart in UML, or replace UML
constructs. Note that, as the figure shows, there is also a part of UML which is
not used by SysML. The fact that SysML reuses a large part of UML makes it
easier for engineers who have experience with UML to adopt the new language.

2.4.1 SysML diagrams

SysML is a graphical language, like UML. It reuses a number of the diagrams
specified in UML, but also introduces two new ones. Figure 2.4 shows the
diagrams in SysML.

SysML Diagram
Jr— } 1
Behavior 1 Requirement Structure
Diagram ¢ Diagram Diagram
_r g
Activity Sequence State Machine Use Case Block Definition Intemnal Block ackage D
Diagram Diagram Diagram Diagram Diagram Diagram ackage Diagram
..... - - R—
i
[ ] sameasumL2 ! parametric
i Diagram
[ wodified from ume 2 LI

i i Mew diagram fype

Figure 2.4: Diagrams in SysML. [OMGO07a]

The two diagrams introduced are requirement and parametric. A parametric
diagram is defined as a restricted form of internal block diagram. I t describes
constraints, constraint parameters and constraint blocks. These constraints
limit the physical properties of a system and can be used to identify critical
performance parameters and their relations to other parameters. Parametric
diagrams can be used to support trade-off analysis, since the factors in the
applicable equations are objectively and formally presented.

A requirement diagram displays requirements, packages, other classifiers,
test cases and rationale, along with their relations. It is used to structure
requirements and to link them to other design elements within SysML.

2.4.2 Modeling requirements in SysML

SysML defines a requirement as ”a capability or condition that has to (or should)
be satisfied”. A requirement may specify a function that a system has to perform
or a performance condition a system has to achieve. They are modeled as a
stereotype of UML Class subject to a set of constraints. A standard requirement
includes properties to specify its unique identifier and text requirement. There
are several relations which can be used by system modelers to specify how
requirements relate to each other, but also to other model elements. In simple
systems, these relations may be implicitly clear, but they are very important
in modeling the intricacies of larger, more complex systems. The relation types
for requirements in SysML are:
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e Composite relations allow a requirement to contain sub-requirements

e Copy relations define links between a master requirement and a copy of it,
known as a slave requirement

e Derive relations allow one requirement to be derived from another
e Satisfy relations define a model element as satisfying a requirement
e Verify relations define a test case as verifying a requirement

e Refine relations define a model element or set thereof as refining a re-
quirement

e Trace relations define a generic relation between a requirement and any
other model element

A composite requirement can contain subrequirements to specify hierarchy.
This is done using the UML namespace containment mechanism. The relation
allows complex requirements to be decomposed into simpler ones to make things
more concrete, or to apply abstraction to the model. Of course, subrequirements
themselves may be composed of additional child requirements, and so on.

Copy relations specify slave and master requirements. SysML defines slave
requirements as requirements whose text property is a read-only copy of the
text property of its master requirement, where the master requirement may
be declared in a completely different namespace. This means that the master
requirement could be defined in a different project altogether, and without this
relation it may be impossible to refer to it. The slave requirements cannot be
changed, but when the master requirement is changed, so are all its slaves. This
has been included in the SysML specifications in order to provide better support
for requirement reuse, something which the designers of SysML discovered to
be very important.

Another relation specified is the derive requirement, which relates a derived
requirement to its source requirement. In other words, a client requirement can
be derived from the supplier requirement. This typically involves analysis to
determine the multiple derived requirements that support a source requirement.
This relation is commonly used to define multiple layers of a system hierarchy.

The satisfy relation describes how a design or implementation model sat-
isfies one or more requirements. The satisfying element can be almost anything
in SysML.

The verify relation defines how a test case verifies a requirement. Test
cases in SysML are intended to be used as a general mechanism to represent
any of the standard verification methods for inspection, analysis, demonstration
or test. The verdict of a test case can be used to represent the verification result.

Using the refine relation it is possible to describe how a model element
can be applied to further refine a requirement, where the model element can be
almost anything in SysML.

Additionally, SysML supports trace requirement relations, which provide a
general-purpose link between a requirement and any other model element. Since
this is intented to be a generic relation, it is recommended that it not be used
in conjunction with the other requirements relations described above.
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2.5 Model Driven Engineering

Model driven engineering means modeling not with standard classes and inter-
faces such as those found in UML, but with the components relevant to a certain
domain. For example, one could model students, teachers and courses. In order
to do this, a suitable Domain Specific Language needs to be defined.

There is a number of advantages to applying this kind of modeling. With
conventional modeling, the modelers had to be experts both in the field of
technology and in the field of the specific domain. Possibly the biggest advantage
is that this is no longer necessary. In the ideal case, an expert on a domain who
has no technical knowledge whatsoever can model the things he knows, and
the engineers can then implement the software system based on this model.
Currently, there is a gap between the state of the practice and the states of the
art regarding model driven engineering.

2.6 Change Management

Managing changes in the context of software engineering is a prerequisite for
high quality software management. This includes changes at every level of the
development, whether it be the requirements, the architectural design or the
implementation. In general, the higher the level at which change occurs, the
bigger the impact. One aspect of change management is change impact analysis.
This section describes change impact analysis at the design level. For simple,
small models, change impact analysis occurs by user intuition and experience.
However, in larger, more complex models, the need for an automated change
impact analysis is very real.

[KS98] describes a change management process. A simple overview of this
process as described there is shown in figure 2.5. This assignment fits in the gen-
eral process as three elements: ”Find affected requirements”, ”Find dependent
requirements”, and ”Propose changes”.

Problem analysis & Change analysis &
Change specification Costing
'y

hange implementation

| Check reguest | | Find affected | _|Find dependent
validity requirements reguirements

é
Propose _JAssess costof| | Assess cost
changes change acceptability

Figure 2.5: Change management process. [KS98]

2.7 Summary

This chapter described some of the standards relevant to our work, including
MOF, UML, SysML and OCL. MOF defines a metamodel which is currently
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being used by several other standards, including UML and SysML. UML is a
visual language for specifying, constructing and documenting object-oriented
software systems. OCL makes it possible to define expressions on MOF-based
models. SysML is a general-purpose modeling language for systems engineering
that is designed to provide simple but powerful constructs for modeling a wide
range of system engineering problems.

We also described model driven engineering, which is to model not with
standard classes and interfaces such as those found in UML, but with the com-
ponents relevant to a certain domain. Change management in this context is
the process of identifying change, finding which parts of a model are affected
and how, and finally proposing model changes.



Classification of changes

In this chapter we introduce the terms we use in the change impact analysis
process and classify domain changes, model changes and external inconsisten-
cies.

3.1 Domain

Before we can begin to model anything, we need a name for it: The application
domain (which we refer to simply as the domain). The concept of domain is
described in [vL09], although it is not labeled there as such. The domain is
what the stakeholders want to be modelled, and possibly implemented as well.
These stakeholders have their own requirements, each specifying a functional or
non-functional need.

Domain: The part of reality that needs to be modelled, viewed through the
requirements it sets for the resulting system.

Changes in the domain can occur in several ways. For example, a stake-
holders mind could change or the environment could change. Changes to the
environment can be economical, jurisdictional etc.

3.2 Domain change

Below is a classification of types of change to a domain.
1 New requirement added
2 Existing requirement removed
3 Requirement made more specific

4 Requirement made more abstract

15
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5 Part removed from requirement

6 New part added to requirement
This classification is based on a case analysis, described in section 5.4. It

is not elaborated upon any further in this section, as it is entirely based on
mathematical formalization.

3.3 Model

The term model has an intuitive meaning to most software engineers. We base
our definition from [SSB93] and [FHL*98]. It is that which reflects the reality
(or in this case, domain) as well as possible, or that which needs to be built.
There are three properties of the concept of a model which are very important.
The first is that it is an abstraction of reality. Certain details are deliberately
omitted. The second is that a model serves a purpose. The purpose of a model
is the guiding principle in deciding which parts of reality to include. The third
property is that a model is always associated to a domain. Models are expressed
in modeling languages.

Model: A model represents a part of the reality called the domain and is
expressed in a modeling language. A model provides knowledge for a certain
purpose that can be interpreted in terms of the domain.

3.4 Model Change

Below is a classification of types of change to a model.
1 Requirement is added
2 Requirement is removed
3 Detail added to requirement description
4 Detail removed from requirement description
5 Part removed from requirement description
6 Part added to requirement description
7 Relation is removed
8 Relation is added

As will become clear further on in this chapter, the last two model changes
are never applied in the process.
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3.5 External inconsistency

The change impact analysis approach is focused on keeping the model synchro-
nized with the domain. External inconsistencies define a difference between the
model and the domain. They can be caused by a domain change. If so, the type
of domain change determines the type of external inconsistency. They are also
always related to one or more model elements, or the lack of thereof.

External Inconsistency: An external inconsistency defines which model ele-
ments (or lack thereof) in a model do not conform to the domain.

Below is a classification of external inconsistencies, based on the classification
of domain changes.

1 Requirement in the domain, but absent in the model

2 Requirement not in the domain, but present in the model

3 Requirement in the model less specific than in the domain

4 Requirement in the model more specific than in the domain

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

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

3.6 Internal Inconsistency

While external inconsistencies define a difference between the model and the
domain, internal inconsistencies define a conflict within the model itself. Inter-
nal inconsistencies are caused by applying relations in a way that violates its
formalization. Chapter 5 contains this formalization.

Internal inconsistency: A violation of relation constraints within a model.

3.7 Requirement parts and details

SysML defines a requirement as ”a capability or condition that has to (or should)
be satisfied”. We define a requirement consisting of several parts, which serve as
predicates of an implementation. That is, for every possible implementation, the
predicate can be evaluated to true or false. The number of parts a requirement
has is not limited, but it has to be at least one. A part can have any number
of details applied to it, which refine the part. In other words, adding details to
a part makes it more restrictive and decreases the number of implementations
which satisfy the part. Details can also have additional details applied to them-
selves, but this cannot be cyclical. A detail is always associated to a single part
or a single detail, and never has value on its own. Consider, for example, the
requirement description ”"The system shall perform function X in Y seconds”.
”The system shall perform function X” is a part, whereas ”in Y seconds” is a
detail of that part. Note that it is not necessary for requirements engineers to
decompose their requirements models before being able to apply this approach,
it is merely the basis for it. For a more formal description of parts and details,
see section 5.3.
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3.8 Summary

In this chapter we defined several terms. We defined the domain as that in
which the stakeholders have an interest in and therefor has to be modeled. We
defined the model as that which reflects the domain. External inconsistencies
are defined as inconsistencies between the model and the domain and internal
inconsistencies as inconsistencies within the model itself.

Requirements are defined as sets of parts, which can have details applied
to them. For any given implementation, the parts of a requirement can be
evaluated to true or false, taking the details in consideration. Details limit
the implementations which satisfy a part and do not have any meaning on
their own. We also classified the following: Domain change, model change and
external inconsistency.

Currently, we consider adding and removing elements from a requirement,
but not changing a requirement in one step. Changing a requirement in this
fashion can be seen as first adding and then removing elements. Additionally,
we only consider adding and removing a single part or detail at a time. For the
current time, it is sufficient, albeit tedious.



Impact Analysis Process

This chapter describes the change impact analysis process. It shows the relevant
SysML relations and the tables containing the rules for external inconsistency
propagation and the rules for mapping domain changes to external inconsisten-
cies to model changes.

4.1 Process

The change impact analysis process starts with the identification of a domain
change, which should be performed by a requirements engineer. The require-
ments engineer then splits the domain change up into one or more primitive
domain changes. For each of these primitive domain changes, the engineer iden-
tifies an element in the model which is now inconsistent with the domain, and
also how it is inconsistent. This is also the reason why the domain change
first has to be split up into primitive domain changes. Without doing so, it
may not be possible to pin it down to one model element. After this step the
semi-automatic process starts. Using the relations in the model, the process can
semi-automatically determine which other model elements are also externally in-
consistent. Finding all external inconsistencies is done recursively. After all have
been identified, the process proposes model changes to eliminate them. Figure
4.1 shows the entire process schematically. Identifying the domain change and
splitting it into one or more primitive domain changes is done entirely by the
requirements engineer, as well as identifying a model element relevant to the in-
consistency. Recursively finding the other external inconsistency is done partly
automatic. The system identifies possible external inconsistency propagation
scenarios. The requirements engineer will then have to select the correct one.
This could be fully automated if the requirements were fully formalized. How-
ever, fully formalizing requirements is extremely hard to do and demanding so
would raise questions regarding the cost and benefits of this approach. Mapping
the external inconsistencies to proposed model changes is entirely automated.

19
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The exact implementation of the model changes is undefined here. It may be
left completely to the user, but parts of it may also be automated.

Domain
Change

\

Primitive
Domain
Change

\

External
Inconsistency

v

Model
Change

Figure 4.1: Change impact analysis process

The change impact analysis process described further down in this chapter
relies on a critical assumption: The model is internally consistent. The re-
sults of the process if performed on a model which is internally inconsistent are
undefined.

4.2 Relations between terms

Table 4.1 shows how the domain changes are mapped to external inconsistencies,
and in turn, how these are mapped to model changes. These mappings are
performed automatically by the process.
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Domain change

External inconsistency

Model change

New requirement added

Requirement in the do-
main, but absent in the
model

Requirement is added

Existing requirement re-
moved

Requirement not in the
domain, but present in the
model

Requirement is removed

Requirement made more
specific

Requirement in the model
less specific than in the do-
main

Detail added to require-
ment

Requirement made more
abstract

Requirement in the model
more specific than in the
domain

Detail removed from re-
quirement

Part removed from re-
quirement

Requirement in the model
has more parts than in the
domain

Part removed from re-
quirement

New part added to re-
quirement

Requirement in the model
has less parts than in the
domain

Part added to requirement

Table 4.1: Relation between domain changes, external inconsistencies and model

changes

4.3 External inconsistency propagation

In order to perform external inconsistency propagation, we need rules which
apply to specific relation types and external inconsistencies. For the moment,
we consider only relation types between requirements.
several relation types between requirements and other model elements, such as
test cases, but these are not considered here. There are four relevant relations:

SysML also provides

e Trace relations define a generic relation between requirements. For read-
ability, this relation is called traced to in this paper

e Composite relations allow a requirement to contain sub-requirements. For
readability, this relation is called composed by in this paper

e Copy relations define links between slave and master requirements. For
readability, this relation is called copy of in this paper

e Derive relations allow one requirement to be derived from another. For
readability, this relation is called derived from in this paper

Tables 4.2 and 4.3 show the external inconsistency propagation rules. They
are derived in chapter 5. The external inconsistencies in the first column are
the same as specified in table 4.1. The cells themselves contain the propagation
rules for each scenario. Some external inconsistencies do not propagate in cer-
tain scenarios, while others have multiple propagation possibilities. The correct
propagation has to be selected manually.
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The copy of relation in SysML is not included in the tables for readability
purposes. External inconsistencies which apply to a requirement which copies
or is copied by another requirement, are automatically propagated to the other
end of the relation.

Another relevant relation in SysML which is also not shown here is the
traced to relation. This relation is specified in SysML as a generic relation
with no semantical definition. As a result, no assumptions can be made on the
propagation of external inconsistencies regarding the source or target of this
type of relation. It is recommended for requirements engineers to avoid the use
of this relation if at all possible (the SysML specifications disencourage using it
in combination with other relation types). This approach does not propagate
any external inconsistencies between a requirement and another which is traced
to or from it.

Table 4.2 shows the propagation of external inconsistencies with regard to
the derived from relation. A requirement can be derived from one require-
ment, or more. The table makes a distinction between these two cases, as the
propagation rules are different.

Table 4.3 shows the external inconsistency propagation with regard to the
composed by relation. Again, a distinction is made between scenario’s in which
a requirement is composed by one other requirement, and scenario’s in which a
requirement is composed by multiple other requirements.
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Scenario | R; derived from R, R; derived from R; through
Ry,
ke2...n
External inconsis-
tency

R not in domain

R> not in domain

For each Rj: not in domain

R5 not in domain

R; not in domain

Part of Ry not in domain or Ry
not in domain

R, less specific than in
domain

No propagation

No propagation

R less specific than in
domain

R less specific than in
domain

R less specific than in domain

Ry, more specific than
in domain

Ry more specific than
in domain or no
propagation?

For each Rj: more specific than
in domain or no propaga‘cion1

Ry more specific than
in domain

Ry more specific than
in domain

Ry more specific than in domain

R, has more parts than
in domain

R5 has more parts than
in domain?

For each Rj: mnot in domain
or part not in domain® or no
propagation?®

R5 has more parts than
in domain

R; has more parts than
in domain?

R; has more parts than in
domain?

R; has less parts than
in domain

R5 has less parts than
in domain

For each Rj: less parts than in
domain or no propagation®

R, has less parts than
in domain

R, has less parts than
in domain

R; has less parts than in domain

R, in domain, not in
model

No propagation

No propagation

! In this scenario, a detail that made R; a derivement from the other requirement(s)
has been removed from the domain. If there are no other such details, the relation
or relations are no longer valid and should be removed

2 In this scenario, it is possible that the last part which Ry was deriving from the other
requirement has been removed. If so, the relation is no longer valid and should be
removed

3 In this scenario, at least one external inconsistency has to be propagated to at least
one other requirement

Table 4.2: External inconsistency propagation rules for the Derived From rela-
tion
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Scenario

R; composed by R,

Ry composed by Rs
through R,
ke2...n

R4 not in domain

Rs not in domain

For each Rj: not in domain

Rs5 not in domain

R; has more parts than in do-
main

R1 has more parts than in do-
main

Ry less specific than
in domain

Ry less specific than in do-
main or no propagation

For each Ry: less specific
than in domain or no prop-
agation

Ry less specific than
in domain

Ry less specific than in do-
main

Ry less specific than in do-
main

R; more specific
than in domain

Ry more specific than in do-
main or no propagation

For each Rj: more specific
than in domain or no prop-
agation

Ry more specific
than in domain

Ry more specific than in do-
main

Ry more specific than in do-
main

R; has more parts
than in domain

Ry not in domain or part
of Ry not in domain or no
propagation!

For each Rj: not in domain
or part not in domain or no
propagation!

Ry has more parts
than in domain

R; has more parts than in do-
main

R; has more parts than in do-
main

R; has less parts
than in domain

No propagation

No propagation

Ry has less parts
than in domain

R; has less parts than in do-
main

R; has less parts than in do-
main

R4 in domain, not
in model

No propagation

No propagation

! In this scenario, a part has been removed from R; which was not in the other
requirement. It is possible that the requirements are now copies and that the relation
should be removed.

Table 4.3: External inconsistency propagation rules for the Composed By rela-
tion

4.4 Summary

This chapter describes the change impact analysis process and the mappings
from domain changes to external inconsistencies to model changes. Lastly, the
external inconsistency propagation rules are provided.

Some scenarios of external inconsistency propagation result in two require-
ments possibly becoming identical. The process could better support this. For
example by proposing a model change removing the relation or by merging the
requirements. Since the definition of the relations in the SysML specifications
is ambiguous, this entire process is based on one specific interpretation and for-
malization of these definitions. Other interpretations of these relations would
lead to entirely different external inconsistency propagation rules.



Formalization of model elements and
changes

This chapter contains the formalization of the relevant SysML model elements
and of the domain changes. We also use these formalizations to derive the
external inconsistency rules here.

5.1 Introduction

This chapter first describes the relevant SysML model elements. Next, all of
these model elements and the domain changes are mathematically formalized.
Using these formalizations, the external inconsistency propagation rules are de-
rived. Finally, some alternatives for the formalizaton are discussed.

5.2 Relevant SysML model elements

As stated in section 4.3, the relevant model elements are Requirement, Trace,
and all subclasses of Trace. The other relations, such as Satisfy and Refine
are not considered as of now. Trace and its subclasses are:

e Trace relations define a generic relation between requirements. For read-
ability, this relation is called traced to in this paper

e Composite relations allow a requirement to contain sub-requirements. For
readability, this relation is called composed by in this paper

e Copy relations define links between slave and master requirements. For
readability, this relation is called copy of in this paper

e Derive relations allow one requirement to be derived from another. For
readability, this relation is called derived from in this paper

25
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5.3 Formalizations

5.3.1 Requirement

A Requirement R consists of a set of predicates P. Each of these predicates
evaluate to true or false for any given implementation, or system. They have a
textual description and a set of details D applied to them which, in turn, can
have details applied to them as well. The details themselves are also textually
described, but are meaningless when not associated to a predicate or another
detail. Formally, this is denoted as:

e R=<P>

o P={pi{<Di>},p2{<Da>},....pn{< Dy >}}[n>1
o D={di{<D;y>},da{< Dy >},...,dp{<Dp,>}}|m=0

Figure 5.1 shows this formalization in a diagram.

*
i 1* 1 * 1
R K>—m P K> D

Figure 5.1: Formalization data model

The P in the figure denotes the individual predicates in the requirements,
of which a requirement has any number, but at least one. The D in the figure
denotes the individual details in either another detail or a predicate.

Sets of predicates cannot be empty, sets of details can. Details cannot be
associated in a cyclical manner. In order to formalize the relation types, we
need operators on requirements, predicates and details.

e Two predicates are equal to each other with regard to the = operator if
and only if their textual descriptions are equal. Details are not considered
here

e Two details are equal to each other with regard to the = operator if
and only if their textual descriptions are equal and they are applied to
two predicates which are also equal to each other with regard to the =
operator or two details which are also equal to each other with regard to
the = operator

e Consider a predicate p and a detail d. The detail d is associated to the
predicate p if, and only if, it is directly applied to it, or if it is associated
to another detail which is associated to the predicate p. ”Detail d is
associated to p” is denoted as d € p.

e Consider a predicate p and two details d; and ds, with dy € p and ds € p.
The detail d; is associated to the detail ds if, and only if, it is directly
applied to it, or if it is associated to another detail which is associated to
the detail do. ”Detail d; is associated to ds” is denoted as dj € ds.
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¢ When evaluating a predicate p in a system S, p(S) denotes that p with
all details d € p is evaluated to true in system S.

For the following operator definitions, let Ry and Rs be requirements with
sets of predicates P; and P, respectively.

e |P;| denotes the number of predicates in Py

° P1=P2<:>|P1|:|P2|/\
Vp; € Py :[3pj e Po:[pi =pj]]A
VpiePQ:[ElijPM[pi:pj”

o Pic P, |P|<|P|AVp;ePr:[3pjePs:p;=p;l]
e PPcPhe P =PvVvP ch

[} R1:R2<:>P1=P2/\
VpiEPI:[ijEPQ:[pi:ijde Gpi:[dk Epj]]]/\
Vpi € Py:[3pj e Pr:[pi=p;j — Vdi € p;: [dy € pj]]]

There are a number of rules regarding predicates and details. Consider a
system S. Let p; and py be predicates with p; = ps.

° de €p1: [dk Epg] /\p2(S) <:>p1(S)
o Vdy epy:[dp €p2] A-pi(S) = —pa(S)

A number of assumptions need to be taken into account when regarding this
formalization:

e Consider a requirement R with set of predicates P. Let p; and py be parts
with p; € P and py € P. Then, for any system .S, the following statement
holds:
p1(S) # -p2(S)

In other words, requirements cannot be internally inconsistent.

e Consider a requirement R with a set of predicates P, containing p; to py.
Then, the following statement holds:
IS el :[pi(S)]|iel...n
In other words, requirements have to be satisfiable.

5.3.2 Formalization of TracedTo

The traced to relation does not have well-defined semantics. The SysML spec-
ifications discourage the use of this relation in combination with other types of
relations. For this approach, the use of traced to is discouraged altogether. It
is also not formalized.
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5.3.3 Formalization of DerivedFrom

The derived from relation denotes that one requirement is derived from a
number of other requirements. Satisfying the derived requirement implies that
the requirements which it was derived from are also satisfied.

Let Ry, Ro through R, (with N > 2) be requirements with sets of predicates
Py, P, through P, respectively. R; is Derived from Rs through R, if and only
if the following statements hold:

o P,CP |me2...n

e Vp,e P :[Am:[p;e Py]]|me2...n

o VpjePy,:[VpieP:[pi=p; — Vdpep;:[dpepi]]]|me2...n
o dpjePy:[IpiePr:pi=pjAddiep;:[di ¢pj]]]|me2...n

The first and second statement show that R, has all of the predicates of the
other requirements combined, and no more. The third statement shows that all
of these predicates have at least all of the details of the parts of the requirements
which it is derived from. The fourth statement shows that for every requirement
R, is derived from, there is at least one detail of a predicate in P; which is not
in a predicate of the other requirement.

5.3.4 Formalization of ComposedBy

The composed by relation denotes that a requirement is contained in another
requirement. The containing requirement is, in turn, completely or partially
composed of all of its contained requirements.

Let Ry, Ry through R,, (with n > 2) be requirements with sets of predicates
P, P, through P, respectively. Ry through R,, are composed by R; if and only
if statement the following statements hold:

e PpocP|me2...n
o VpjeP,:[Vp;ePi:[pi=p; — Vdpep;:[dpep;]]]|Ime2...n
o VpjeP,:[Vp;ePi:[pi=p; — Vdpep;:[dpepi]]]|me2...n

The first statement shows that all predicates in the requirements contained
are also in the containing requirement. The second and third statements show
that the details in all corresponding predicates are the same.

5.3.5 Formalization of CopyOf

A copy of relation denotes that one requirement is a copy of another.
Let Ry and Rs be requirements with parts P; and P respectively. R is
copy of Ry if and only if the following statements hold:

° P1=P2
o Vp;ePr:[VpjePy:[pi=p; — Vi €p;:[di €ps]]]

° sz EP1 : [Vp] EPQ : [pl :pj — de Epj : [dk Epl]]]
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The first statement shows that the predicates of both requirements are equal.
The second and third statements show that the details of all the predicates are
also equal. The copy of relation is reflexive, symmetric and transitive. This
definition is not as strict as in SysML, where there is a difference between slave
and master requirements, with slave requirements being unmodifiable. This
property is of no concern for this approach, however.

5.4 Domain change case analysis
As specified in section 3.2, the following domain changes are considered in this
approach:

e New requirement added

e Existing requirement removed

e Requirement made more specific

e Requirement made more abstract

e Part removed from requirement

e New part added to requirement

These are based on the formalization of the concept of requirement, as pro-
vided earlier in this chapter. The domain changes is always first applied to
exactly one requirement. Each domain change is a specific change to either the
parts of a requirement, or the details. Note that since applying change in this
process is partly manual, mistakes can be made. Specifically, a change may be
seen as a domain change where actually it is only a model change. The exact
difference is this: A change to the model is only a domain change if it alters the
sets of systems which satisfy the model. Formally, this can be denoted follows.
Let M, be the model before the change, and M, the model after the change.

IS el : [(Mp(S) A=-My(S)) v (M, (S) A=My(S))]

In the following sections, P, indicates the parts of a requirement before the
change, where P, denotes those parts afterwards.

5.4.1 New requirement added

A domain change is classified as "new requirement added” if and only if the
following statements hold:

e =0
e Pty

5.4.2 Existing requirement removed

7

A domain change is classified as "removing an existing requiremen
if the following statements hold:

if and only

e Py

e P,=u
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5.4.3 Requirement made more specific

A domain change is classified as "requirement is made more specific” if and only
if the following statements hold:
Let detail e{< D >} be added to predicate q.

[ ] Pb:Pa
e D=y
o VpjePy:[VpiePy:[pi=pj — Ydi €pj: [di € pi]]]

o VpjePy:[Vp; € Py:[pi=pj —> Vdiep;:[dyep;Vvdg=elll

5.4.4 Requirement made more abstract

A domain change is classified as ”requirement is made more abstract” if and
only if the following statements hold:
Let detail e be removed from predicate ¢;.

[ Pb:Pa
° ijGPb:[VpiGPa:[pizpj—>deEpjt[dePi\/dk=e\/dk€€:|:|]

o VpjePy:[VpiePy:[pi=pj — Ydi €p;: [di € p;l]]

5.4.5 Part removed from requirement

A domain change is classified as ”part removed from requirement” if and only
if the following statements hold:
Let predicate g be removed.

° Pa:Pb_q
o VpjePy:[Vp;ePy:[pi=p;j — Vdi €p;:[dyepi]]]

o Vp;jePy:[VpieP,:[pi=pj — Ydy €p;: [di € p;l]]

5.4.6 New part added to requirement

A domain change is classified as "new part added to requirement” if and only
if the following statements hold:
Let predicate g{< D >} be added.

Pa=Pb+q
e D=y

o VpjePy:[Vp; € Py:[pi=pj — Vdi €p;:[dy €pi]]]

Vpj € Py [Vp; € Py [pi=p; — Vdi €p;: [di € pj]]]
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5.5 Propagation rule derivation

The derivation of the external inconsistency propagation rules as shown in chap-
ter 4 is based on the formalization of requirement, the relation types and the
domain changes. Every combination of relation type and domain change re-
quires an external inconsistency propagation rule. This derivation is performed
with these rationale.

1 The rules guarantee that the (remaining) relations in the resulting require-
ments model are all still valid

2 When a domain change specifies that a part or detail is removed from a
requirement, it should be removed from the entire requirement model

This derivation is shown here, grouped first by domain change.

5.5.1 New part added to requirement

A domain change is classified as "new part added to requirement” if and only
if the following statements hold:
Consider predicate g to be added.

° PGIPb-J-ql
o Vp;ePy:[Vp;ePy:[pi=pj — Ydy €pj: [di € pi]]]
o VpjePy:[Vp;jePy:[pi=p; — Vdy €p;: [dy € p;l]]

Consider the composition relation. It is formalized as:

Let Ry, Ry through R, (with n > 2) be requirements with parts P, P>
through P, respectively. Ro through R, are composed by R; if and only if
statement the following statements hold:

° Pch1|m€2...n
o VpjePy,:[VpiePr:[pi=p; — Vdpep;:[drep;]]]|me2...n
o VpjeP, :[Vp;eP:[pi=p; — Vdpep;:[dpepi]]]|me2...n

First, consider the domain change being applied to Rs. This implicates that
P corresponds to P, before the change and to P, after the change.

There are two possible scenarios. For each scenario, the two rationale are
considered to determine necessary action:

Scenario 1: g1 € P,
This implies:
e Phc P
In this scenario, the change made is not a domain change as it does not alter

the set of systems which satisfy the model.

Scenario 2: q; ¢ P,
This implies:
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e Pobt PLAPy+ Py

In this scenario, the relation no longer holds. Here, we propagate the domain
change to R;.
Consider predicate ¢o to be added.

L4 Pa:Pb+q2
. ijEPb:[VpiEPa:[pi:pj—>de epj:[dk epi]l]
o VpjePy:[Vp;ePy:[p;=p; — Vdi ep;:[dy €p;]]]

Then, for R; we have P, the predicates before the new change has been
applied, and P, the predicates after the new change has been applied.

Then we have, Py, = Pip+q2. If the change is correctly implemented, g1 = go.
I.e. the addition to the R is the same as the addition to Ry. If so, the state-
ments which have to hold for the composition relation between R, and Ry to
be valid, hold.

From this analysis, we can determine that there are two possible propagation
scenarios:

e No propagation
e Apply domain change ”New part added to requirement” to Ro

Next, consider the domain change being applied to R;. This implicates that
Py corresponds to P, before the change and to P, after the change. Here, the
statements which much hold for the composition relation between R; and Ro
through R,, to be valid, hold.

From this analysis, we can determine that there is only one possible propa-
gation scenario:

e No propagation

5.5.2 Requirement made more abstract

A domain change is classified as "requirement made more abstract” if and only
if the following statements hold:
Let detail e be removed from predicate g .

[ ] Pb:Pa
o VpjePy:[Vp,ePy:[pi=p; — Vdpep;:[dyep;vdr=evdeelll
o VpjePy:[Vp;eP,:[p;=p; — Vdyep;:[dp €p;l]]

Consider the derivement relation. It is formalized as:

Let Ry, Ry through R, (with n > 2) be requirements with sets of predicates
Py, P, through P, respectively. R is Derived from Rs through R, if and only
if the following statements hold:

e PhocP|me2...n
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o Vp,e P :[Im:[pie Pn]]l|me2...n
o VpjeP, :[Vp;eP:[pi=p; — Vdpep;:[dpepi]]]|me2...n
e dpjePy,:[3piePr:[pi=pjAddiep;:[di ¢p;l]]Ime2...n

First, consider the domain change being applied to R;. This implicates that
Py corresponds to P, before the change and to P, after the change. Then, for
each requirement Ro through R,, the possible scenarios are the same, so we
only consider Ry here.

Scenario 1: ¢q1 ¢ P
In this scenario, the statements which have to hold for the relation between R
and R to be valid, hold.

Scenario 2: g1 € PoApe Py:[p=qi Ae€p]
In this scenario, the statements which have to hold for the relation between
Ry and Ry to be valid, hold. However, considering the first propagation rule
derivation rationale, since the detail is removed from R; and is present in R,
it should also be removed there.

Scenario 3: g1 € PoApe Py:[p=qi Ane¢p)
In this scenario, the fourth statement which have to hold for the relation between
Ry and Rs to be valid, may or may not still hold. This can be evaluated by the
following statement:

e IpjePy:[3p;ePr:[pi=pjAddiep;:[dy ¢ pjndi #el]]

In natural language, R; needs to have another detail apart from e which
makes it a derivation of Rs. If the previous statement evaluates to false, it does
not and the relation is no longer valid. Otherwise, there are no inconsistencies.

In both cases however, there is no external inconsistency propagation.

From this analysis, we can determine that there are two possible propagation
scenarios:

e Apply domain change "requirement made more abstract” to Rs

e No propagation

Note that in case the change is not propagated, the validity of the relation
needs to be checked.
5.6 Discussion of formalization
This section describes some of the alternatives we considered. The crucial dif-

ference between all possible formalization approaches lies in the formalization
of the requirements.
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5.6.1 Using predicates and systems

[GKvdB09] formalizes requirements using predicates, similar to us, and systems.
This is most likely is sufficient. Formalizing the relations is possible and ade-
quate, as well as deriving the external inconsistency propagations rules. In fact,
the difference between using predicates and systems and the current approach
lies only in the explicit nature of the details. However, we believe that using
parts and details as opposed to predicates and systems makes the derivation
of the external inconsistency propagation rules more clear. As stated before,
domain changes include removing and adding parts and details. Directly incor-
porating these in the formalization of the requirements and the relations creates
a much clearer link between these formalizations and the derivation of the rules.
Another thing to note is that there is some redundancy when using predicates
and systems, as the systems which satisfy a requirement can be derived from
its predicates.

5.6.2 Using systems only

We also attempted to create a formalization of each of the relevant model ele-
ments using only systems. This created a problem concerning the derived from
and the composed by relation types. Without further information, the derived from
relation type only states the necessity of a subset relation between the systems
of two requirements. This would however, by definition create a derived from
relation to a composed requirement from each of its components.

Since the SysML specifications are not entirely clear on the definitions of
these relation types, this could be interpreted as perfectly fine formalizations.
However, we felt it would increase the value of the entire metamodel if the
derived from were not just a reversed composed by relation. This is why we
needed additional information.

5.7 Summary

This chapter first formalized requirements as a collection of parts which can
have details applied to them. Using this formalization, the various relation
types were formalized; DerivedFrom, ComposedBy and Copy0f. The domain
changes were formalized as the difference between the parts and details of a
single requirement before and after the domain change has been determined.

Next, rules with which the external inconsistencies are propagated were de-
termined. Only a small number of scenarios were described. These scenarios
consist of one domain change, two requirements and one relation between the
two requirements. The rule determination was done by combining the formaliza-
tions of requirement, relations and domain changes. We also shortly discussed
alternative requirement formalizations.

The mathematical determination of the propagation rules does not exhaust
all scenarios. Also, the determination of the currently handled scenarios is
incomplete. The text states that the statements required for the relation to
hold, still or no longer hold. However, the mathematical proof for these remarks
is omitted. Finally, the current description of predicates and details allows for
modeling situations in which multiple choices are feasable.



Example process usage

In this chapter we show how the process described in the previous chapters can
be used in practice.

6.1 Example Model

As an example model we use a subset of a fictional Course Management System
for a fictional university [CMS]. There are four stakeholders in this system:

e Students
e Lecturers (in the example model shown here labeled as teachers)
e Administrators

e System maintainers

The main subject of the system are the courses. Course information such as
roster, lecturer, enrolled students and news messages can be managed, as well as
personal information regarding students and lecturers. Note that the example
intentionally contains some conflicting requirements, mostly between different
stakeholders. For each stakeholder, there are also a number of non-functional
requirements, such as privacy, security and interoperability.

We show the working of our process using a subsection of the requirements
which regards the functionality for the lecturers to manage dynamic course
information. This involves the following:

e Posting news messages for a course. Only students enrolled in that course
can read them.

e Managing the course archive. The archive contains items such as home-
work assignments and lecture sheets.

35
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e Managing student teams. Lecturers can create student teams for a course
and manage them.

e Managing student grades for a course.

e Importing course information from one year into another, so that the
lecturer doesn’t have to re-enter a lot of the information again every year.

We chose this subset because it is relatively easy to understand and because
it contains both DerivedFrom and ComposedBy relations. The example does not
contain the Copy0f relation, no conflicting requirements and no non-functional
requirements.

Figure 6.1 shows the requirements model of the subsection of the Course
Managament System in a graphical notation. The specifics can be found in
appendix B.

<= Raquiramant==
Ti1:
Mharagpe dynamic course inke

<<Requiremant=> <<Requirement>> <<Reguirement== <<Requiement>>
=<Rpqumment: > T Ti1a: Ti1.4: TI18:
T11: Poat news o — - Stare grades & -
messages Mansge archive Manage teams il Eat.dunlk;amd
promicie Sl import courses

<<deriveRegts> <<geriveReqt>>

|
|
|
|
|
|
| <Raguiremente>
<<Requiremant=> | T4
TIL21: | Stare grades &
Sat rem visbiy Provide stats &
| Compare
|
_____ |
el P quire e nEe
Ti1.31: <<Reduirement== <R Uiramea ==
Grade team T1AE - .- Ti1AT:
mEmibens Craas eams (Rename 1eams

Figure 6.1: Example Requirements model

The dots in the figure between T11.3.2 and T11.3.7 mark the requirements
T11.3.3 to T11.3.6. The dotted lines in the figure indicate that there is some
relation between the predicates of the requirements connected with this line,
but this relation is not of a type specified in SysML.

6.2 Example changes
As specified in chapter 4, the change management process starts with a domain

change being identified by a requirements engineer. This section contains three
example domain changes which will be managed by the process:
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e Teachers will no longer be allowed to set the visibility of items in the
archive

e Student teams need no longer be supported by the system

e Teachers have to be able to remove grades as well as storing them

6.2.1 Remove setting visibility of archived items

As specified by the process, the domain change first has to be decomposed into
an atomic domain change, but how this is done is not elaborated upon. This
specific domain change however, can only be decomposed and applied correctly
in one way: By applying the domain change ”Requirement made more abstract”
to requirement T11.2.1.

The domain change is then mapped automatically to the external inconsis-
tency ”Requirement in the model more specific than in the domain” | as stated in
table 4.1, and applied to T11.2.1. The process then picks requirement T11.2 to
be handled next, as it is the only related requirement. The scenario in this case
is: T11.2.1 is designated externally inconsistent as ” Requirement in the model
more specific than in the domain” and is related to T11.2 by the DerivedFrom
relation, with T11.2.1 as the source. As specified in table 4.2, there are two
propagation possibilities:

e To apply the external inconsistency ” Requirement in the model more spe-
cific than in the domain” to T11.2

e Not to propagate an external inconsistency

This choice is made by the requirements engineer, who we assume makes the
second choice, being the correct one for this domain change. Note that table
4.2 contains a foot-note on this scenario, namely that the two requirements may
have become identical. It is up to the requirements engineer to solve this issue.

Since no other requirements are related to T11.2.1 and T11.2 is designated
not externally inconsistent, the propagation ends. The process then maps the
inconsistency to a proposed model change, according to table 4.1. The result
is shown in table 6.2.1.

Requirement External Inconsistency Proposed
model change
T11.2.1 Requirement in the model Detail  removed
more specific than in the from requirement
domain

Table 6.1: Process result for example one

The proposed model change is shown to the requirements engineer, who will
then choose if and how to implement it. No further change management support
is provided.
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6.2.2 Remove student team support

Again, the requirements engineer has to decompose and apply the domain
change. In this case, the fact that the system needs no longer support stu-
dent teams implies that teachers need no longer be able to manage them. This
domain change can be handled in several ways:

e Applied to requirement T11.3 as ”Existing requirement removed”
e Applied to requirement T11 as ”Part removed from requirement”

e Applied to requirements T11.3.2 to T11.3.7 as ”Existing requirement re-
moved”

It is up to the requirements engineer to choose which is most practical, but
note that requirement T11.3.1 needs also be designated as ” Existing requirement
removed”, as it is not related to any other requirement in the model by a
SysML specified relation. Whichever approach the engineer chooses, the results
are the same, provided the correct propagation possibilities are selected. For
this example, we assume the domain change ” Existing requirement removed” is
applied to T11.3. The other options are not elaborated upon here.

The domain change is automatically mapped to the external inconsistency
”Requirement not in the domain, but present in the model”, as stated in table
4.1, and applied to T11.3. The process then randomly picks a requirement
related T11.3 to handle next, but whichever order the requirements are handled
in, the results are the same given that the requirements engineer selects the
correct propagation possibilities. We assume T11.3.2 is picked first.

The scenario being handled in this particular situation is: T11.3 is designated
externally inconsistent as ”Requirement not in the domain, but present in the
model” and is related to T11.3.2 by the ComposedBy relation, with T11.3 as the
source. As specified in table 4.3, there is only one propagation possibility: To
apply the same external inconsistency to T11.3.2.

After this step, the process selects another random requirement related to
either T11.3 or T11.3.2. As T11.3.2 is not related to any requirement which
has not been processed yet, a requirement related to T11.3 will be selected.
We assume the process first selects the requirements T11.3.3 to T11.3.7. These
requirements are handled in exactly the same manner as T11.3.2.

Finally, the process will select T11. The scenario in this case is: T11.3 is
designed externally inconsistent as ” Requirement not in the domain, but present
in the model” and is related to T11 by the ComposedBy relation, with T11 as
the source. As specified in table 4.3, there is only one propagation possibility:
To apply the external inconsistency ”Requirement in the model has more parts
than in the domain” to T11.

As a last step, the process selects T11.2. The scenario in this case is: T11
is designated externally inconsistent as ”Requirement in the model has more
parts than in the domain” and is related to T11.2 by the ComposedBy relation,
with T11 as the source. As specified in table 4.3, there are three propagation
possibilities:

e To apply the external inconsistency ”Requirement not in the domain, but
present in the model” to T11.2
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e To apply the external inconsistency ”Requirement in the model has more
parts than in the domain” to T11.2

e Not to propagate an external inconsistency

This choice is made by the requirements engineer, who we assume makes
the third choice, being the right one for this domain change. At this point, as
there are no requirements related to requirements with an external inconsistency
applied to them which have not yet been handled, the propagation ends.

The next step is for the process to automatically map the external incon-
sistencies to proposed model changes. This mapping is done according to table
4.1 and the results are shown in the table 6.2.2.

Requirement External Inconsistency Proposed
model change

T11 Requirement in the model Part  removed
has more parts than in the from  require-
domain ment

T11.3 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.2 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.3 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.4 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.5 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.6 Requirement not in the Requirement is
domain, but present in the removed
model

T11.3.7 Requirement not in the Requirement is
domain, but present in the removed

model

Table 6.2: Process result for example three

The proposed model changes are shown to the requirements engineer, who
will then choose if and how to implement them. No further change management
support is provided.

6.2.3 Add support for removing grades

Here, we consider the functionality for teachers to remove grades to be part of
managing dynamic course information, as stated in T11. As such, the domain
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change "Part added to requirement” is applied to this requirement. After the
domain change is mapped to the external inconsistency ”Requirement in the
model has less parts than in the domain”, the propagation starts in the same
manner as in the above two examples. Both T11.2 and T11.3 will be consid-
ered, but the propagation rules state that there is no propagation to these two
requirements. The final result would be a model change to T11, adding the new
functionality.

Although the end result would lead to a model which is both externally
and internally consistent (the model correctly reflects the domain and is not in
conflict with itself) the requirements engineer may decide it would improve the
model if the part was also added to some sub-requirement of T11. This could
be T11.4 or a new requirement. Here, we assume the requirements engineer
decides to apply the same domain change applied to T11 to T11.4 as well.

The steps of the process are similar to those in the previous examples. The
domain change is mapped to the external inconsistency ”Requirement in the
model has less parts than in the domain”. This external inconsistency is prop-
agated to T11.4.1 and then mapped to proposed model changes. The results of
both domain change applications combined are shown in table 6.2.3.

Requirement External Inconsistency Proposed
model change

T11 Requirement in the model Part added to re-
has less parts than in the quirement
domain

T11.4 Requirement in the model Part added to re-
has less parts than in the quirement
domain

T11.4.1 Requirement in the model Part added to re-
has less parts than in the quirement
domain

Table 6.3: Process result for example three

The proposed model changes are shown to the requirements engineer, who
will then choose if and how to implement them. No further change management
support is provided.

6.3 Summary

This chapter showed how the process described earlier in this thesis can be used
in practice. We started by showing a simple example model regarding a course
management system. Next, we applied in small steps three different feasable
domain changes which have to be reflected in the model. The steps taken show
how the domain change is applied, how the external inconsistency propagation
works and how these are then mapped to proposed model changes.

One issue which should be noted is that there are a number of relations
between requirements in the model which do not conform to any relation type
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in SysML. This reduces the amount of information which serves as input to the
process, but it is a limitation of SysML, not of our process.






Tool Support

This chapter describes the tool Blueprint and how our solution is implemented
as an extension to this tool.

7.1 Blueprint

Blueprint is a software modeling tool built by @-portunity [@-p] as an Eclipse
application, which supports Model Driven Architectures and fully complies with
OMG’s MetaObject Facility, also known as MOF. It aims to be a complete
software modeling tool. That is, it is intended to be the only tool necessary to
model at all levels of the software project. By adhering to OMG standards, it
allows users to easily develop and exchange information.

More information on the tool can be found here [Blu].

7.1.1 Blueprint capabilities

MOF compliance implies that Blueprint supports modeling using numerous
OMG standards, most notably UML, SyML and OCL. The three mentioned
standards are inherently supported, which means that Blueprint can be used to
create class diagrams, sequence diagrams and requirements diagrams. However,
other MOF-based standards can be imported and used for modeling as well.
By doing so, Blueprint allows developers to create models on any abstraction
level, ranging from requirements to designs to code. These models can then be
related, which helps parse, transfer, store and transform them.

Blueprint also allows easy creation and application of UML and SysML pro-
files. As explained in section 2.2, profiles allow developers to extend and adapt
UML and SysML to their specific needs.

Customizability is also a focal point of Blueprint, allowing developers to not
only apply their own MOF-based models and metamodels, but also allowing
them to create their own modeling tools for these models. This can be very
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useful in making development less complex. Since it is built as an Eclipse
application, plugins can also be created to further customize the tool.

Blueprint also supports importing and exporting models to several formats,
including Java Archives, XMI and EMF, allowing Blueprint to cooperate with
other tools already in use in the industry.

7.1.2 Blueprint data structure

At the basis of the datastructure in Blueprint is the project. Projects contain
any number of phases, which in turn contain subphases which contain models
and metamodels. Projects, phases and subphases are named and can be docu-
mented with dedicated documentation functionality. Figure 7.1 shows the data
structure graphically.

Blueprint project
\g—-* \D"*
Process Documentation
D *
D..*
lx
Phase
&n \n..*
" Metamodel " UML model

Figure 7.1: Blueprint project structure

The rest of the datastructure depends on the metamodel(s) used.

7.2 Solution location

We implemented our solution as a plugin to Blueprint. The plugin was created
as an extension to the user interface, allowing the user to select how to initialize
the change impact analysis process.
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Currently, the input required to start the process is given through the graph-
ical user interface. The other input and output is performed using the standard
in and standard out respectively. Obviously, this could be improved, but it is
sufficient for a prototype.

Figure 7.2 shows an example of how the plugin could be used. On the right
it shows the requirements model. The menu the user has selected allows him to
apply a domain change to the selected requirement in order to start the process.
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Figure 7.2: User Interface example

7.3 Plugin development

The development of the plugin was performed in small phases. A set of require-
ments was provided by us showing what was necessary for the next step in the
implementation of the solution. @-portunity satisfied these requirements, which
allowed us to continue our work and come up with a new set of requirements,
iteratively.

The test plan for the plugin can be found in appendix A.
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7.4 Plugin architecture

Before we describe the plugin architecture, a short note on the standard Eclipse
plugin architecture. A plugin requires a plugin.xml file. This xml-file denotes
an extension point, which contains all actions for the plugin. These actions
contain descriptions of where the action is located within the menu structure,
a name, a label and a class associated with it. Of this class, which have to
extend the AbstractUmiModelCommandA ction-class, the run() method
is called, which initiates the action.

Figure 7.3 shows the current architecture of the plugin, which we explain
below.

AbstractUM|
ChangelmpactListener PropagationChooser [ Modeﬁ::;:-lnmand
StdOutListenar LF ModelQuerier
StdinChooser
RulesManager gelmpactAnalysisActi
OCLModel Querier
AN
PartMadeMoreSpecific PartAddedToReq PartRemovedFromReq RegRemoved ReqMadeMoreAbstract

Figure 7.3: Plugin architecture

7.4.1 AbstractChangelmpact AnalysisAction

This class directs the steps of the entire process. It starts by determining the do-
main change and, using that, the external inconsistency applied to the selected
requirement. This external inconsistency is then propagated throughout the
model iteratively. It uses the ModelQuerier-interface to query the model for
elements related to other elements. It uses the RulesManager-class to deter-
mine the possible choices of propagation. It uses the PropagationChooser-
interface to choose between propagations and the ChangelmpactListener-
interface to update listeners of the entire process’s progress and results, both
intermediate and final.

7.4.2 PartMadeMoreSpecific

This is a subclass of the AbstractChangelmpactAnalysisAction-class and
is invoked by the Eclipse plugin framework. Its only purpose is to allow the
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superclass to determine the starting domain change.

7.4.3 PartMadeMoreAbstract

This is a subclass of the AbstractChangelmpactAnalysisAction-class and
is invoked by the Eclipse plugin framework. Its only purpose is to allow the
superclass to determine the starting domain change.

7.4.4 PartAddedToReq

This is a subclass of the AbstractChangeIlmpactAnalysisAction-class and
is invoked by the Eclipse plugin framework. Its only purpose is to allow the
superclass to determine the starting domain change.

7.4.5 PartRemovedFromReq

This is a subclass of the AbstractChangelmpactAnalysisAction-class and
is invoked by the Eclipse plugin framework. Its only purpose is to allow the
superclass to determine the starting domain change.

7.4.6 ReqRemoved

This is a subclass of the AbstractChangelmpactAnalysisAction-class and
is invoked by the Eclipse plugin framework. Its only purpose is to allow the
superclass to determine the starting domain change.

7.4.7 ModelQuerier

The AbstractChangelmpact AnalysisA ction-class needs to query the model
in order to propagate external inconsistencies. Querying which model elements
are affected is done using the ModelQuerier-interface. This interface specifies
a single method which finds all elements that are related to a single element
by a specific type of relation. Currently, only the OCLModelQuerier-class
implements this interface.

7.4.8 OCLModelQuerier

This class provides functionality to query the model using OCL. It uses prede-
fined, parameterized OCL queries.

7.4.9 RulesManager

The RulesManager determines possible external inconsistency propagation
scenarios depending on four parts of information:

e An external inconsistency
e A relation type

e Whether it is the source or the target of the relation that is externally
inconsistent
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e The multiplicity of the relation

The rules themselves correspond to those described in section 4.3.

7.4.10 PropagationChooser

The AbstractChangelmpact AnalysisA ction-class needs to make choices re-
garding external inconsistency propagation. The PropagationChooser-interface
specifies a function which requires a source element, a target element, an exter-
nal inconsistency and a number of possible choices that can be used to make a
choice. Currently, only the StdInChooser-class implements this interface.

7.4.11 StdInChooser

This class relays possible external inconsistency choices to the user using the
standard input and output of the process.

7.4.12 ChangelmpactListener

The ChangelmpactListener-interface is used by the AbstractChangelm-
pact AnalysisAction-class to notify listeners of the process’s progress and re-
sults. There are five distinct events:

e Process started. Information provided consists of the starting domain
change and the starting model element

e Domain change mapped to external inconsistency. Information provided
consists of the domain change, the external inconsistency and the model
element

e External inconsistency propagated. Information provided consists of the
source and target model elements and their respective external inconsis-
tencies

e External inconsistencies mapped to model changes. Information provided
consists of all model elements to which updates are proposed and the
specific type of update for each one of them

e Requirement marked for evaluation. Information provided consists of the
model element which will be evaluated in the future

Currently, only the StdOutListener-class implements this interface.

7.4.13 StdOutListener

This class notifies the user of the progress and results of the process by using
the process’s standard output.

7.4.14 AbstractUMIModelCommandAction

This is the abstract Eclipse plugin framework class which all plugins need to
extend.
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7.5 Example usage

This section describes an example usage of the current prototype, using an
example requirements model. For each step, the related architectural elements
are noted.

7.5.1 Example model

Figure 7.4 shows the example model used during this example usage of the tool.

" HewRequirement1

00
newvDescription

e

<<DeriveReqt>>

" HewRequirement2 ' ' HewRequirement3 '
<<Copy
00 CO0G
newvDescription neswDescription
A

<<DeriveReqt=>

' HewRequirementd

o0y
newyDescription

Figure 7.4: Example model

7.5.2 Usage

This section describes the usage of the tool. For information on how the process
described in this thesis is used, see chapter 6.

The process is started by the user entering the primitive domain change. For
the tool, this is done by specifying one requirement which the domain change
has made externally inconsistent, and how. In this case, we specify that the
external inconsistency ”Requirement made more abstract” is applied to R;.
Entering the initial external inconsistency is done by creating a new object of
one of the subclasses of the AbstractChangelmpact AnalysisAction. In this
case, the PartMadeMoreAbstract.

Firstly, the ChangelImpactListener is used to inform listeners the process
has started and that Rs is externally inconsistent as specified by the ”Require-
ment made more specific’-inconsistency. Next, the ModelQuerier is used to
find the model elements directly related to Rs, in this case R; and R3. The pro-
cess randomly picks which requirement to evaluate first, here we assume it first
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picks R;. The RulesManager is used to determine the possible propagations
from Ry to R;. These are:

e No propagation
e The external inconsistency is propagated to R;

The user will have to make this choice, and for this purpose the Propaga-
tionChooser is used. The StdInChooser implements this interface and will
propose the two choices to the user, along with the scenario information. Here
we assume the user selects the first option.

Next, the process will evaluate requirement R3. The RulesManager is once
again used to determine the possible propagation choices. In this case, there is
only one; to propagate the external inconsistency from Rs to R3. Because there
is only one possibility, no PropagationChooser is not used.

After these steps, the ModelQuerier is once again used, this time to find the
elements related to R3. These are Ry and Ry, but R has already been evaluated,
so it will be ignored for the rest of the external inconsistency propagations. As
for R4, the RulesManager specifies only one possibility; to propagate the
external inconsistency from R3 to Ry.

As the last step in the external inconsistency propagation, R, is evaluated
the same way as previously described. As Ry is not related to any unevaluated
requirements, there is no more propagation.

Finally, the process maps all external inconsistencies to proposed model
changes using the RulesManager. This is where the process ends, choosing
whether to implement the changes and actually doing so is done entirely by the
user.

All the while during the process, the ChangeImpactListener is used to
update the user of the process progress. The proposed model changes are also
offered to the user using this interface.

7.6 Summary

This chapter first described the tool Blueprint as developed by @-portunity.
Blueprint is a software modeling tool built as an Eclipse application, which sup-
ports Model Driven Architectures and fully complies with OMG’s MetaObject
Facility. Relevant to our work, it fully supports SysML modeling and since it is
created as an Eclipse application, we could create our prototype as a plugin.

The rest of the chapter described the prototype, starting with the architec-
ture. The user interface of the prototype is mostly text-based. This is not very
user friendly, but it is sufficient. The architecture of the tool is set up so that
it should be easy to transition from this user interface to another.

Finally, we showed how the tool is used in practice. This is in line with
chapter 6, which showed the usage of the process.



Conclusion

Change management has always been a vital process within software develop-
ment projects. Traditionally, it is performed more or less ad hoc. First, a change
is requested, for example because a stakeholder presents a change in his or her
interests. A software engineer uses experience and knowledge of the software to
then identify which software artifacts are affected by the change, how they are
affected, and how they should be updated.

Several methods have been developed over the years to support change man-
agement, but they focus mainly on managing change within code, within designs
or between code and design. Other methods describe how change management
can be structured as a bussiness process. We intended to support change man-
agement, or change impact analysis to be more precise, within software projects
with regard to the requirements level. The requirements in the requirements
level are derived from the domain, and any change in the domain can necessi-
tate a change in the requirements.

Chapter 2 showed the basic concepts we used to answer our research ques-
tions. We used a subset of SysML, a general-purpose modeling language for
systems engineering, as a modeling language for requirements. SysML is de-
rived from the Unified Modeling Language, or UML. The elements from SysML
we used are the requirement and three requirement relations, namely CopyOf,
DerivedFrom and ComposedBy. Other relevant technologies are the MetaObject
Facility, or MOF, and the Object Constraint Language, or OCL. Mof serves as
the metamodel for UML and SysML, OCL is used for querying models.

8.1 Classification of changes
Our first two research questions regarded classification:
1.1 What are the types of domain changes

1.2 What are the types of impact of domain changes on model elements

ol
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We needed to answer these questions to create a basis for our work. In chap-
ter 3, we first classified domain changes. These cause inconsistencies between
the model and the domain. These external inconsistencies, as we call them, are
also classified in this chapter, along with model changes to resolve them. The
domain changes are classified as follows:

1 New requirement added

2 Existing requirement removed

3 Requirement made more specific
4 Requirement made more abstract
5 Part removed from requirement
6 New part added to requirement

The external inconsistency classification is parallel to this classification. For
example, the impact of the domain change ”Part removed from requirement” is
that a requirement in the model has more parts than in the domain. The model
changes are classified as follows:

1 Requirement is added

Requirement is removed

Detail added to requirement description
Detail removed from requirement description
Part removed from requirement description
Part added to requirement description

Relation is removed

co N O ot ks W

Relation is added

Note that the bottom two are not used in our process.

8.2 Determining and resolving impact

Our next research questions focussed on determining and resolving impact of
domain changes on requirements models:

2.1 How can we determine which model elements are impacted
2.2 How can we determine the type of impact on these elements
2.3 How can we solve the impact of domain changes on model elements

We determine the impact of a domain change using a dedicated semi-automatic
process. We based the exact workings of the process on the formalization of rel-
evant SysML model elements and on the formalization of domain changes. See
also chapters 4 and 5.
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8.2.1 Process workings

The process is partially automated and is shown in figure 4.1. It starts with
a requirements engineer determining a change in the domain and splitting that
domain change into domain changes which fit in the above mentioned classifica-
tion. The requirements engineer then selects a model element which is impacted
by the domain change. The domain change is automatically mapped to the cor-
responding external inconsistency and from this point, the process guides the
engineer in propagating this external inconsistency through the model.

This propagation is performed according to dedicated propagation rules.
These specify a number of propagation possibilities for when a requirement
with an external inconsistency is related to another requirement. These propa-
gation possibilities depend on relation type, relation direction and the type of
the external inconsistency. The process requires the user to select the appropri-
ate propagation, explained in the following subsection. After the propagation of
inconsistencies has finished, the process automatically proposes model changes
which could be implemented to put the model back in sync with the domain.
Whether or not to implement them and actually doing so is up to the require-
ments engineer.

8.2.2 Formalization and derivation

The external inconsistency propagation rules are the core of the entire pro-
cess. In order to derive these rules, we first needed to formalize the concept
of requirement, the relation types and the domain changes. The requirement
is formalized as a set of parts or predicates, which cannot be empty, with any
number of details applied to them. The details can contain subdetails as well.

The difference between a part of a requirement and a detail is that the latter
does not have meaning on its own. A requirement stating ”The system shall
perform function X in Y seconds” can be considered to have one part, namely
”The system shall perform function X”, with one detail ”in Y seconds”.

The relations are formalized as statements regarding the parts and details of
two requirements. For example, the DerivedFrom relation is formalized along
these lines (considering requirement A is derived from requirement B):

e All parts present in requirement B have to be present in requirement A
e All details present in requirement B have to be present in requirement A

e At least one detail has to be present in requirement A and absent in
requirement B

The domain changes are formalized as statements regarding the parts and
details of one requirement before and after a domain change. For example, the
domain change ”Requirement made more abstract” is formalized along these
lines:

e The parts before and after the change have to be the same
e All details present after the change have to be present before the change

e One detail, which may have other details applied to it, has to be present
before, but absent after the change
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Combining these formalizations, we (partially) derived the external incon-
sistency propagation rules.

8.3 Tool support
Our final research question regards implementing our approach:
3.1 How can we use tools to support change management

We implemented our tool support as an extension of the tool BluePrint
Software Modeler, created by @QPortunity. BluePrint is a software modeling
tool with extensive customization support, which allows users to model in any
MOPF-based language, including SysML.

In order to use the tool, the user first models his requirements, with SysML
as the metamodel. Next, a domain change can be selected and applied to a
specific requirement in the model. As stated in the change impact analysis
process, this domain change is mapped to an external inconsistency, which is
the starting point for the inconsistency propagation. During this propagation,
the user is required to choose between different propagation possibilities. Any
situations in which there is only one possibility are handled automatically. After
the propagation, a number of model changes are proposed to the user.

Currently, the tool allows users to go through the entire process. Only some
exceptional situations are not covered, such as when two requirements possibly
become copies. Additionally, the user interface of the tool is rather primitive and
not very user-friendly. The models are represented graphically, but most of the
input and output is text-based. However the architecture of the tool is set up so
that it should take relatively little effort to transition from this user interface to
another, preferably graphical, one. Extending the tool with additional domain
changes, model changes or relation types should also be relatively simple.

8.4 Evaluation

8.4.1 Choice of metamodel

We decided on using SysML as our metamodel. This has several benefits. For
one, it is a standard developed by OMG, which warrants a certain amount of
support. Additionally, since SysML is already in use by the industry, applying
our approach is easier than when we would have used a proprietary metamodel.

There are also some downsides, however. The most important one is that
the specifications of the requirements relations in SysML are very ambiguous.
Hence, different users will interpret them in different ways. This means they will
also expect change impact analysis to work in different ways on the relations.
With our formalization, we focussed on one possible interpretation, but this
may make it more difficult for users to use our approach if their interpretation
of the relations is different.

8.4.2 Formalization

The formalization described in this thesis is not the first version. We started out
with the same approach as [GKvdB09], but found the systems and predicates
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used there to be somewhat redundant. The systems which satisfy a requirement
can be derived from the predicates in the requirement. However, after some time
we realized having only systems or only predicates is not sufficiently expressive
for this approach.

The approach described here, with requirements consisting of parts and de-
tails, is based mostly on changes to the model and domain. Several mathemati-
cal formalizations may be applicable here, but of all those considered, the current
one seemed most intuitive. When a requirements engineer makes changes to a
requirements model based on domain changes, he mostly adds or removes parts,
makes requirements less or more specific, or removes requirements entirely. Our
domain changes and impact analysis fits this perfectly.

8.4.3 Change Impact Analysis Process

The change impact analysis process we described in this thesis is not the first
version. We started with the process as shown in figure 8.1.

Y

Model

BEE - [TPACT - ActiON

Figure 8.1: First change impact analysis process

Here, any change made to the model causes impact of some sort. This impact
necessitates some action which, when performed, results in a model change.
This model change again may cause impact and so on. The most important
difference between this process and the one we used is that here, there is no
distinction between changes made to the model for things like readability and
understandability, or for a domain change. Without knowing the cause of the
change, the impact calculation and propagation becomes far less precise.

Another benefit of our latest approach compared to our first, is that the
actual changes made to the model to solve impact have no impact themselves.
Only when all impact is calculated does the process enter the phase of actually
resolving the impact. Seperating these steps makes the process easier to use.

8.4.4 Final remarks and future work

The method we propose has some limitations. First of all, it is partially au-
tomated. Some experience and knowledge of the system is still necessary and
there is always a chance that this leads to errors. In the future, the process
could become more automated.
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Also, as stated before, the method works with a very specific interpreta-
tion of the SysML requirement relations. Rather than attempting to find an
interpretation that is universily agreed on, the process could be made customiz-
able. This would allow users to define their own relations, but using the same
requirement and domain change formalizations. With these relation formaliza-
tions, new external inconsistency rules could then be calculated and used.

Another limitation is that the process does not allow composite domain
changes to be applied. It is not possible to, for example, handle multiple re-
quirements being removed from the domain at once. The composite domain
change has to be split up by the engineer, who then has to apply the changes
one by one. Functionality for processing composed domain changes could also
be added in the future.

Apart from these limitations however, the method certainly has merit. Since
we use relational semantics, we can automatically eliminate a lot of propagation
scenarios. Because of this, the impact explosion is very limited compared to
existing methods.

In addition to more precisely determining which requirements are impacted,
the method also determines the type of impact to the model elements. Doing
so provides the possibility to propose model changes. These provide meaningful
assistance to the user in processing the domain change, especially when com-
pared to existing methods. Proposing a requirement is removed or a detail is
added is far more helpful than simply stating a requirement is ”impacted”.



Test Plan

This appendix shows the testplan used to test the implementation of the pro-
totype (see also chapter 7).

A.1 Basic tests

The basic tests are meant to test if the change impact analysis rules are im-
plemented correctly. These rules, as specified in chapter 4, consist of three
types: Mapping domain changes to external inconsistencies, propagating exter-
nal inconsistencies and proposing model changes corresponding to these external
inconsistencies. Firstly, we test the mapping of the domain change to the ex-
ternal inconsistencies and the mapping of the external inconsistencies to the
proposed model changes. Next, the propagation of the external inconsistencies
within the model is tested. These tests are grouped by relation type.

A.1.1 Testing domain change to external inconsistency to
model change mappings

For these tests, we take a model consisting of one requirement. The domain
changes as listed in table 4.1 are applied to this requirement. Exception is
the domain change ”New requirement added”, as this domain change is not
be applied to a requirement. Table A.1.1 shows the tests performed and the
results.

o7
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Domain change External inconsis- | Model change Result
tency
Existing require- | Requirement not in the | Requirement  is v
ment removed domain, but present in | removed
the model
Requirement made | Requirement in  the | Detail added to v
more specific model less specific than | requirement
in the domain
Requirement made | Requirement in  the | Detail removed e
more abstract model more specific | from requirement
than in the domain
Part removed from | Requirement in the | Part removed v
requirement model has more parts | from requirement
than in the domain
New part added to | Requirement in the | Part added to re- v
requirement model has less parts | quirement
than in the domain

Table A.1: Testing the mappings between domain change, external inconsistency
and model change

All tests were succesful.

A.1.2 Testing the derivement relation

Two sets of test cases are used for the composition relation. The first uses a
model consisting of two requirements Ry and Ry, where Ry derived from Rs.
The tests and their results are shown in table A.2. The or occurrences in the
table denote that the user should be presented a choice between the external
inconsistency propagation possibilities.

The second model used for testing the composed by relation consists of three
requirements Ry, Ry and R3, where Ry derived from R, and R3. The tests
and their results are shown in table A.3. The or occurrences in the table denote
that the user should be presented a choice between the external inconsistency
propagation possibilities.
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External inconsistency Expected result Result
R; not in domain Rs not in domain v
Rs not in domain R1 not in domain or part of Ry not v
in domain
R, less specific than in domain No propagation v
R5 less specific than in domain R, less specific than in domain e
Ry more specific than in domain Ry more specific than in domain or v
no propagation
R5 more specific than in domain R1 more specific than in domain v
Ry has more parts than in domain Ry has more parts than in domain ve
or Ry not in domain or no propaga-
tion
Ry has more parts than in domain Ry has more parts than in domain v
R1 has less parts than in domain No propagation v
R, has less parts than in domain R, has less parts than in domain v
Table A.2: External inconsistencies with the Derived From relation (1/2)
External inconsistency Expected result Result
R not in domain R5 not in domain and Rs3 not in do- N4
main
R5 not in domain Part of Ry not in domain or R not v
in domain
R, less specific than in domain No propagation v
R5 less specific than in domain R, less specific than in domain Ve
R1 more specific than in domain (Ry more specific than in domain v
and/or R3 more specific than in do-
main) or no propagation
Ry more specific than in domain Ry more specific than in domain v
R; has more parts than in domain ((R2 not in domain or part of Ry not v
in domain) and/or (R3 not in do-
main or part of Rz not in domain))
or no propagation
R5 has more parts than in domain R1 has more parts than in domain e
R, has less parts than in domain No propagation v
R5 has less parts than in domain R has less parts than in domain or Ve
no propagation

Table A.3: External inconsistencies with the Derived From relation (2/2)

All tests were succesful.

provide assistance for the exceptions shown in table 4.2.

However, the current implementation does not
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A.1.3 Testing composition relation

Two sets of test cases are used for the composition relation. The first uses a

model consisting of two requirements R; and Ry, with R; composed by R,.

The tests and their results are shown in table A.2. The or occurrences in the
table denote that the user should be presented a choice between the external

inconsistency propagation possibilities.

External inconsistency Expected result Result
R not in domain R> not in domain v
R5 not in domain Ry not in domain or part of Ry not v
in domain
R; less specific than in domain No propagation v
R5 less specific than in domain R less specific than in domain v
Ry more specific than in domain Ry more specific than in domain or Ve
no propagation
R5 more specific than in domain R, more specific than in domain Ve
R; has more parts than in domain Ry has more parts than in domain ve
or Rs not in domain or no propaga-
tion
Ry has more parts than in domain R, has more parts than in domain e
R has less parts than in domain No propagation e
R5 has less parts than in domain R, has less parts than in domain ve

Table A.4: Testing external inconsistency propagation for composition (1/2)

The second model used for testing the composed by relation consists of three
requirements R;, Rs and Rs, where R; composed by R and R3. The tests and

their results are shown in table

A.5. The or occurrences in the table denote

that the user should be presented a choice between the external inconsistency

propagation possibilities.
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External inconsistency Expected result Result
R; not in domain Rs and R3 not in domain v
Rs not in domain R1 has more parts than in domain v
R less specific than in domain (Ry less specific than in domain v
and/or Rs less specific than in do-
main) or no propagation
R less specific than in domain R less specific than in domain v
Ry more specific than in domain (R2 more specific than in domain v
and/or R3 more specific than in do-
main) or no propagation
Ry more specific than in domain Ry more specific than in domain v
R; has more parts than in domain (R2 not in domain or part of Ry not v
in domain) and/or (R3 not in do-
main or part of Rg not in domain)
or no propagation
R5 has more parts than in domain R1 has more parts than in domain v
R, has less parts than in domain No propagation ve
R5 has less parts than in domain R1 has less parts than in domain v
Table A.5: Testing external inconsistency propagation for composition (2/2)
All tests were succesful. However, the current implementation does not
provide assistance for the exceptions shown in table 4.3.
A.1.4 Testing copy relation
The tests performed are stated in table A.6, along with the results. The model
used consists of two requirements Ry and R, with R; copy of Rs.
External inconsistency Expected result Result
R not in domain R5 not in domain N4
R5 not in domain R; not in domain v
R, less specific than in domain R5 less specific than in domain ve
Ry less specific than in domain Ry less specific than in domain v
R, more specific than in domain Ry more specific than in domain v
Ry more specific than in domain Ry more specific than in domain v
R; has more parts than in domain R5 has more parts than in domain v
R, has more parts than in domain Ry has more parts than in domain v
R1 has less parts than in domain Rs has less parts than in domain v
R, has less parts than in domain R has less parts than in domain ve

Table A.6: Testing external inconsistency propagation for copy

All tests were succesful.







Example model

This appendix contains the details of the requirements model used in chapter
6.

B.1 Example model

The following itemization shows the exact requirements we used. This is a
subset of a much larger Course Management System requirements model. We
added relations of the SysML types and added some structure. The structure
itself does not directly imply a SysML relation.

The original Course Management System requirements model can be found
at [CMS], we made some minor (mostly syntactic) adjustments. The require-
ments used here are numbered in this document as R68 to R82.

63
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T11

The system shall allow teachers to manage dynamic course
information comp by T11.2, T11.3

T11.1

The system shall allow teachers to post news messages

T11.2

T11.2.1

The system shall allow teachers to manage the archive

The system shall allow teachers to set the visibility of
archived items (enabling them to gradually expose content
to students) refines T11.2

T11.3

T11.3.1

T11.3.2

T11.3.3

T11.3.4

T11.3.5

T11.3.6

T11.3.7

The system shall allow teachers to manage student teams
comp by T11.3.2 - T11.5.7

The system shall allow teachers to enter grades for teams
(so each team member will get that grade)

The system shall allow teachers to create new teams

The system shall allow teachers to insert students into
teams

The system shall allow teachers to remove students from
teams

The system shall allow teachers to delete teams

The system shall allow teachers to assign (assistant) teach-
ers to teams

The system shall allow teachers to name and rename teams

T11.4

The system shall provide grade statistics (averages, stan-
dard deviation, per department, per year)

T11.4.1

The system shall enable teachers to compare grade statistics
with other courses refines T11.4

T11.5

The system shall allow teachers to duplicate courses and
import materials from other courses into another course,
but only from their own courses

Table B.1: Example requirements model (simple)

Next, we show the same requirements, but depicted as predicates and details.
The capitol letters here stand for predicates, the non-capitol for details.
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T11 AB,C,D,E,F,G,H 1L J, K comp by T11.2, T11.8
T11.1 A={The system shall allow teachers to manage news mes-
sages}
a={By posting news messages}
T11.2 B={The system shall allow teachers to manage the archive}
T11.2.1 B={The system shall allow teachers to manage the archive}
b={By allowing the teacher to set the visibility of archived
items} refines 11.2
T11.3 C={The system shall allow teachers manage student teams},
D,E,F,G H,Icompby T11.8.2 - T11.8.7
T11.3.1 C={The system shall allow teachers to grade team members}
c¢={By also allowing the teacher to enter grades for entire
teams}
T11.3.2 D={The system shall allow teachers to create new teams}
T11.3.3 E={The system shall allow teachers to insert students into
teams}
T11.3.4 F={The system shall allow teachers to remove students from
teams}
T11.3.5 G={The system shall allow teachers to delete teams}
T11.3.6 H={The system shall allow teachers to assign (assistant) teach-
ers to teams}
T11.3.7 I={The system shall allow teachers to name and rename
teams}
T11.4 J={The system shall store grades}
j1={And shall provide grade statistics (averages, standard de-
viation, per department, per year)}
T11.4.1 J={The system shall store grades}
j1={And shall provide grade statistics (averages, standard de-
viation, per department, per year)}
jo={The system shall enable teachers to compare grade statis-
tics with other courses} refines 11.4
T11.5 K={The system shall allow teachers to edit courses}

ki ={Also allowing teachers to duplicate courses}

ko={Also allowing teachers to import materials from other
courses into another course} + k

ki={but only from their own course}

Table B.2: Example requirements model (decomposed)
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Figure B.1 shows the requirements model in a graphical notation.

=<Requirament=>
Ti1:

Manage thnanmic course inke

| | |
| | |
| | |
| | |
| | |
| | |
| | |
<<Requirement== <<Requirement=>= =<Raguirament== <<Requiement>>
<<Ring ez Tz 1 Til.4: e
T Pasl news Manage archive 77 7| Manage teams S e Edit, duplicate &
R | prosics stats import courses
) : T
=<deriveReqt>> | <<deriveReqi>>
|
| gL o
=<Requirement==> | TI1.4.1:
TILZ1: | Stare grades &
Sat ram visbiity provide saks &
| Compane
|
_____ |
“=Requiramani>
T34 < Liremen = weRaguirameanixe
Grade team TI1Aa2 & @ TI1.AT:
membens Create leams (Rename leanms

Figure B.1: Example Requirements model

The dots in the figure between T11.3.2 and T11.3.7 mark the requirements
T11.3.3 to T11.3.6. The dotted lines in the figure indicate that there is some
relation between the predicates of the requirements connected with this line,
but this relation is not of a type specified in SysML.
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