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Abstract

Languages that implements Object-Oriented Programming (OOP) do not provide enough
means to cope with software variations. Adding a functionality to a family of software
variations by means of an OOP approach can be accomplished by implementing the solu-
tion directly into the code of each variation. That solution suffers from a combinatorial
explosion and lack reusability [29].

A better approach is to use Feature-Oriented Programming (FOP). It allows to produce
software variations by composing features. In FOP a feature is a modular building block
that adds a functionality to a system. The state-of-the-art approaches to FOP lack expres-
siveness. All approaches specify features only by the addition or modification of software
building blocks. Moreover, the granularity they provide rarely reaches the statement level.
Finally, most of them do not provide means to manage features that implement crosscut-
ting functionalities. In these approaches, a crosscutting feature has to be implemented in
a different way depending on the software variation hindering the reusability of features.
We believe that selecting appropriates building blocks to specify features would allow us
to overcome these issues of expressiveness.

Several approaches successfully used first-class change objects in the research domain
of software evolution. We propose a change-based approach to FOP based on the Change-
Oriented Software Engineering model [14]. In our model, features are specified by a set
of changes that have to be applied in order to implement the functionality that feature
offers. Changes model all the operations (addition, modification and deletion) of software
entities that can be applied to software building blocks. Changes are instrumented with
explicit dependencies which provide information about the validity of feature compositions.

We introduce flexible features as an appropriate concept for modeling crosscutting fea-
tures. A flexible feature is specified by a set of changes that does not have to be applied as
a whole in order to add the feature to a composition. We present a composition verification
algorithm that is capable of automatically customizing flexible features in such a way that
they never make a composition invalid. This improves the reusability of features as they
can be added to any composition without having to adapt them.

We provide an implementation based on ChEOPS [14], that captures the changes as



first-class entities and that allows the programmer to compose features. We also provide
a graphical tool based on Mondrian [28] that advises the programmer when a composition
is invalid, providing means to debug the composition by inspecting the changes that yield
that situation.

We evaluate our approach by implementing FOText a simple word processor. We
modularize FOText in 11 feature modules such as Base, Open, SaveAs, Print, Compress,
Status_Title etc. We capture the changes that we produced when implementing such
features and specify that Compress and Status_Title are flexible features. We produce
several compositions and evaluate their validity, showing how our tools assist the developer
when a composition is found to be invalid. Finally, we show how flexible features increase
feature reusability by composing the Compress feature with different variations.

This evaluation shows that the usability of our graphical tools decreases when the
number of changes grows. This insinuates that our model does not scale up. In order to
tackle this issue, one of the tracks of feature work we propose, is to introduce filters that
provide a customized view on the change objects, hiding away unwanted level of detail.
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Chapter 1

Introduction

1.1 Context

In the evolution of the automobile industry, the introduction of mass production provided
a reliable and cost-efficient way to produce cars. Mass production itself, however, did not
provide a solution for customers that required variation in the products. The automobile
industry addressed this by splitting up their product in different modules: a standard core
of a car and a set of optional parts, where the parts add different functionalities to the
core of the car. By composing a core with some parts, a new variation of a car could be
produced. This process is known as car product-lining and provided a solution for the
variation problem in a cost-efficient way. The different kinds of cars produced by a car
product-line is called a car product-family.

Just like cars in the automobile industry, software products can be seen as the compo-
sition of a core element which provides the base functionality and a set of elements which
incrementally add functionalities to that base. This kind of software development is called
Software Product-Lining (SPL). It addresses software variation by keeping common assets
inside a core element and combining it with a set of extra functionalities that might be se-
lected to provide variation. A selection is obtained by keywords, attributes, characteristics,
behaviors or any other criterium which allows to describe the functionality. Product-line
instances are the result of combining the core element and a set of functionalities. Not
every combination, however, is possible. Interactions between the elements that are being
composed can lead to an invalid composition. Reasoning about the validity of product-line
instances still remains a challenge [4].

Developing variations in a product-family can be addressed in an ad-hoc way using
Object-Oriented Programming (OOP) implementing functionalities directly into the code
of the base program. The resulting code, however, contains an IF-THEN control state-
ment at every place where the program chooses which variant to produce. This kind of
implementation lacks modularity and reusability [30]. Another solution to implement the
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variation is to use polymorphism. Then, IF-THEN control statements are replaced by
instantiating different subclasses of a class which are modeling the specification of each
variation that the IF-THEN wanted to represent. This approach requires a significant
amount of manual labor [15]. Moreover, these approaches are not able to describe every
kind of functionality, since they are restricted to the expressiveness provided by the OOP
language.

A better alternative is to modularize the software based on the functionalities it pro-
vides. Modules which add a functionality to the system are known as features. Feature-
Oriented Programming (FOP) is the discipline that addresses software development by
using features as building blocks. The very basic idea of FOP is to produce software
variations by composing features. The feature composition requires to manage feature
interactions to ensure the validity of a composition. The interactions between features
requires to understand the building blocks features consists of.

1.2 Motivation

The level of granularity of a FOP approach defines the level of detail of the feature building
blocks. A fine-grained approach allows to specify features with very much detail but makes
the specification more complex. A coarse-grained approach has simpler feature specifica-
tions that contain less specific contents. In a coarse-grained FOP approach there are some
software constructs that cannot be expressed, since they are beyond the granularity pro-
vided. Consequently, we aim for an approach that allows a fine-grained of granularity.

In order to implement a functionality program building blocks (such as classes, meth-
ods, statements, etc.) needed to be added, modified or removed. Anti-features [16, 17] are
features which remove a functionality from a program. There are several known cases such
as DRM feature to protect music, region-coded protected DVDs and the RAW format in
Canon cameras. In these examples, customers buy features that remove the restrictions
in programs. These restrictions are not always encapsulated in a feature but they can
be scattered over the code. Moreover, adding a functionality to a legacy software might
require to remove some entities. Hence, we believe that an approach of FOP should allow
the addition, modification and deletion of entities.

The building blocks of a feature might have dependencies on the building blocks of other
features. This yields dependencies between features. When composing features, unsatisfied
dependencies yield invalid software composition which do not compile. A FOP approach
should provide an error-free methodology to produce valid by composing features. We
believe that, in order to do so, the information about the dependencies should be provided
in an explicit way.

A feature that implements a crosscutting concern always contains building blocks that
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depend on building blocks of many features. Consider logging or security. In order to im-
plement one of these functionalities, the produced code has to be inserted scattered along
the program. It cannot be encapsulated into an uncoupled software entity, like a class
or method. Such feature can only be included in a composition if all features on which
it depends reside in that same the composition. In case one of the depending features is
not included in the composition, it would be impossible to include the crosscutting fea-
ture without tweaking it in order to remove the unsatisfied dependencies. One way to do
that is by creating a specific version of the crosscutting feature for each combination of
features. This would lead to an exponential growth of the number of versions of the same
feature, making it much harder to maintain and hindering its reuse. Consequently, we
believe that a FOP approach should provide means to write a feature once and deploy it
in a customized way depending on the features that are participating in the composition.
This would increase the reusability and maintainability of features.

1.3 Goals

In this research we aim for a Feature-oriented model on which the feature building blocks
have a fine-grained granularity, a model which provides an expressive set of allowed oper-
ations (such as addition, modification and deletion), which provides a customized feature
deployment mechanism and tools to support development.

The kinds of entities on which an operation is applied are established by the granularity
building blocks. We aim a fine-grained granularity level to provide a proper expressivity
to specify features.

We aim to enhance feature composition by allowing the description of features not only
by additions and modifications but also by deletions. This would allow a programmer to
describe features with the same set of allowed operations by the language environment.

We pursue a model that provides a customized feature deployment to manage features
which implement crosscutting functionalities. Allowing to create a feature once and com-
posing it with several combinations of other features without having to rewrite or to adapt
the features. We believe that features contain enough information to provide this kind of
behavior.

We want to provide tool support for FOP which supports the production of software
instances by composing features, that advises about invalid compositions and provides in-
formation to make valid composition invalid.
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1.4 Thesis

We believe that a change-based model for Feature-Oriented Programming
that adheres to the above established criteria is appropriate to increase the
reusability of features and to validate feature compositions.

In a change-based model features are specified as set of changes which are instrumented
with explicit dependencies. This allows us to identify the specific changes that make a
composition invalid. Exploiting this property our model can advise the programmer about
the changes or even features that once added to the composition produce a valid one. It
also is allowed to customize the deployment of features allowing to reuse them.

1.5 Overview

In chapter 2 we explore the concepts of Feature-oriented programming, we present five
criteria and analyze the related work with respect to those criteria. In chapter 3 are
presented Changes as first-class entities. We propose changes as a proper way to describe
features. We analyze related work that successfully applied first-class changes in other
research domains and choose an appropriate model for first-class changes. Chapter 4
presents our model of Software composition, the conceptual model of FOP and the tool
support that we provide. In chapter 5 we show an ewvaluation where we tested our model
by implementing a word processor FOText. We show different compositions and show how
our tool advises when a composition is invalid. Finally, chapter 6 presents the conclusions,
our contributions at conceptual and technical level, the limitations and future work.



Chapter 2

Feature-Oriented Programming

Feature-Oriented programming (FOP) is a discipline that proposes to produce software
instances by composing features. Features are well-delimited building blocks that encap-
sulate the code needed to add a functionality to a base program. Since a software instance
provides functionalities to its users, it can be specified by the list of functionalities that
it provides. The required software instance can then be constructed by composing the
features that map to the specified functionalities.

FOP takes modularization as a central concern, hence several software qualities are
improved. FOP increases software maintainability [1] by modularizing software. Reusabil-
ity is defined as the ease with which software can be reused in developing other software,
which in fact is the way how FOP proposes to develop software[11]. FOP proposes to
create software variants by adding features to a composition and reusing the features that
already exist. However, composing features is not absent of issues, since there are inter-
actions between features. These interactions make a feature to depend on other feature.
These dependencies must be satisfied otherwise the composition turns invalid.

2.1 Concepts

Feature-Oriented Domain Analysis [22] (FODA) provides three mechanics to describe ap-
plications in a Feature-oriented way. It introduces feature diagrams to describe all possible
combinations of features; composition rules to express constraints that can occur among
features; and rationale to provide annotations for reasoning on the convenience of select-
ing a feature. We illustrate FODA with an example of a Buffer application as shown in
Figure 2.1. It shows that a Buffer must have a Base functionality which optionally can
be enhanced with Logging capabilities. The Buffer can optionally include a Restore
functionality which can be a Basic Restore or Multiple Restore. The description is
completed adding a rationale denoting that Logging is useful for debugging purposes, and
a composition rule which states that Logging requires Restore and Base.

The composition rules of FODA allows to establish the interaction that can happen be-

13
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Buffer

O
Base Restore Logging

Basic Restore  Multiple Restore

Composition rule

Logging requires Base, Restore

Rationale

Logging is useful for debugging

Figure 2.1: FODA of Buffer

tween features. Figure 2.1 shows that when producing a software by composing the feature
Logging are required the features Base and Restore. This means that feature Logging
depends on feature Base and Restore.

Although the number of combinations from a FODA diagram can lead to a combina-
torial explosion, the number of the instances that, in fact, can be instantiated are a minor
proportion of them as shown in [13] by Van Deursen et al.. In a FODA diagram there
are declared the constraints that occurs between features. These constraints restrict some
combinations.

2.2 Related Work

This section presents some state-of-the-art approaches related to FOP. While of them
adhere to FOP explicitly, others provide helpful means that can lead to FOP. We first
present a set of criteria to analyze these approaches. It would provide information about
the relation between our work and the state-of-the-art approaches. These criteria are the
qualitative properties that we aim to find in a FOP approach. They are motivated by the
goals of our work (chapter 1). We use them to evaluate the state-of-the-art approaches.

1. Granularity: The granularity provided to express features establishes the small-
est/biggest kind of information that compose a feature. Some approaches use native
OOQOP entities such as: classes, instance variables, and method, as the building blocks
of a feature. In that case, many of them establish the granularity at the level of meth-
ods. This implies that a feature would be not enabled to introduce a modification
within a method, but it would be able to replace the entire method. The granularity
establishes the kind of the specifications that a feature can declare. For instance,
an approach that sets its granularity at the level of method is not able to declare a
modification to the body of the method, but it has to declare the entire body again.

2. Allowed operations: The purpose of this criterium is to evaluate if the approach allows
to express features by additions, modifications and deletions. Usually, the building
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blocks that compose a feature are described in term of additions. We realized that
deletions is a proper way for describing certain features such as anti-features [16, 17].
Anti-features are features that remove a functionality of the system. Most of the time,
this functionality is scattered among several features, this makes that to remove a
feature from the composition is not always an option.

3. Dependency Management: Approaches decide whether or not to provide a depen-
dency management depending on the purpose and the strategy that they use to
address FOP. However, when features are composed the model could manage feature
dependencies and advise the developer how to debug and resolve invalid compositions.

4. Customized feature deployment: In a composition sometimes a feature cannot be
deployed since some of its own building blocks have at least one dependency not
satisfied. Approaches can provide means to tackle this situation. Doing so, they can
allow compositions that otherwise would be invalid.

5. Feature-specific language support: This criterium checks whether the approach adds
new constructs to a programming language which might be pre-compiled or whether it
uses the capabilities of a main-stream programming language. This allows to analyze
if the approach can be implemented using any programming language or requires a
specific one.

2.2.1 AHEAD

Feature interactions are a key issue in Feature-oriented designs. A feature interaction
occurs when one or more features modify or influence other features. Liu, Batory and
Nedunuri [25] presented a model which improves FOP by proposing an algebraic theory of
structural feature interactions that models feature interactions as derivatives.

Algebraic Hierarchical Equations for Application Design (AHEAD) is a unified formula-
tion for FOP that integrates step-wise development, generative programming, and algebras
[6, 26, 36]. This is based on step-wise development which proposes that a complex pro-
gram can be built from a simple program (called a base program) by incrementally adding
features. AHEAD models product-lines with a simple algebraic structure. A base module
contains the definition of classes, members, and methods while a derivative module extends
programs adding fragments of methods, classes, and packages. Thus, a feature is modeled
by a composition of one base module and a set of derivative modules. Figure 2.2 shows
two features B and H. B consist of a base module b and feature H consist of a base module h
and a deriative module 0b/OH which extends the base module b. GenVoca is a methodol-
ogy for creating application families and architecturally extensible software by expressing
programs as sets of equations. It provides the same information that can be described by
a feature diagram but adding cross-tree relations for denoting relations between features
that are not expressed by the diagram. Since it provides a grammar, it can be used by
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Figure 2.2: Application described by features B and H

class Buffer{
int buf = 0;
int get(){
return buf;
¥

void set (int x){
buf = x;

}

Listing 2.1: AHEAD Base feature

applications in an automatic way.

The function e weaves a derivative on a base module. An introduction sum + is a bi-
nary operation that aggregates base modules by a disjoint set union. Thus, an application
composed by features B and H is expressed by:

[H(B)] = h+ 0b/OH e b (2.1)

A derivative module which refines software artifacts—classes, members, and methods—is
able to change the behavior of a method defining a new body for the method. This new
body can call the execution of the original method at any point of the new method execu-
tion. A derivative modules which extends fragments introduced by a derivative module—
affecting many features—is called a second derivative module. If a feature J has a second
derivative module which extends the module 9b/OH from H, it is denoted by 9%b/0JOH.
Listings 2.1, 2.2 and 2.3 show a product-line example with three features: Base, Restore,
and Logging. Base implements the base functionalities that include a the definition of
a Buffer class with a buf instance variable, a get and set method for getting and set-
ting the value of buf; Restore adds an instance variable back to store the old value of
buf anytime it is set and adds a method to do the restoration. Logging adds a method
which prints the value stored in buf and back and adds invocations in the methods get
and set. The expression [L(R(B))] = Logging e Restore @ Base represents an application
with the three functionalities. It could be desirable to compose an application with Base
and Logging features. However, this not possible since feature Logging would be making
changes to the method restore() which would not exist since feature Restore would be
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refines class Buffer{
int back = 0;
void set (int x){

back = buf;
buf = x;

}

void restore (){
buf = back;

}

Listing 2.2: AHEAD Restore feature

refines class Buffer{
void logit (){
System.out . println (buf);
System.out . println (back);

)

}

int set(int x){
logit ();
super. set (x);

}

void get (){
logit ();
super. get ();

}

void restore (){

logit ();
super.restore ();

Listing 2.3: AHEAD Logging feature



CHAPTER 2. FEATURE-ORIENTED PROGRAMMING 18

not in the composition. This issue is called the Feature Optionality Problem [25]. It
can be addressed by restructuring the features in such a way that the feature involved in
the interaction is put in a separate feature. This solution allows to produce an application
with Base and Logging functionalities, but has some limitations: Firstly decoupling of
interactions requires a deep understanding of the feature implementation which in realistic
cases could be difficult to address, secondly a feature can have interactions with many
features at a time.

1. Granularity: Features can modify previous software entities by refinements. The
smallest modification that they can introduce is statement level. However, is not
possible to modify the execution of a method by introducing a statement in the
middle. The unique way available is creating a new version of the method and
invoking the old method at some point of the new one.

2. Allowed operations: Features can be described by base modules and derivative mod-
ules. The former allows to introduce new software entities, the latter allows to modify
a previous entity.

3. Dependency Management: A feature consists of a base module and a set of derivative
modules. The latter can be empty in case that the feature only introduces new
entities and does not modify any previous entity. Dependencies are made explicit by
derivative modules. A derivative module knows which other module it is modifying
and by that introduces a dependency.

4. Customized feature deployment: Although AHEAD can denote the part of a feature
which makes a composition invalid and by that restructuring the feature and encap-
sulating that part into a new one the adaptation must be addressed with human
intervention. This makes it less useful for using in software product-lines.

5. Feature specific language support: AHEAD is a tool for implementing features which
extends Java with some extra language constructs (e.g. refinements).

2.2.2 Generic Feature-Based Composition

A feature diagram [22] is a specification by comprehension of a software product-line. It
allows the description of the relations between features and by that it can be used to derive
product instances. However, dependencies between the artifacts that compose each feature
are not covered by the feature diagram.

Artifact dependency graph are directed acyclic graphs, where nodes represents software
artifacts while edges represent dependencies between them. Dependencies can be derived
by the abstract syntax tree of the language or introduced explicitly.

In a Feature-oriented way, the problem space of a software product-line is represented
by a feature diagram which maintains all possible combinations that can be produced by a
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Figure 2.3: Mapping between Feature Diagram and Dependency Graph

set of features, and the solution space is described by the dependency graph of the software
artifacts that compose each feature.

Van Der Storm [37] proposes a model where product instances are derived from a set of
features within a software product-line. A feature captures elements of the problem domain
while a product configuration consists in choosing features for instantiating a product. A
product configuration maps features from the problem domain to the software artifacts
that compose the features in the solution domain. The model proposed is aware that a
feature composition can be invalid, if it includes a feature incompatible with another feature
that is in the same composition. The proposed model is independent of the programming
language used, as well as the software development methodology and the architecture.
Filling the gap between problem and solution space model can be achieved by mapping the
problem space modeled by feature diagrams and the solution space modeled by dependency
graphs. The composition of those two representations is proposed as a solution for software
variability. By mapping every node of the feature diagram with one or several nodes of the
dependency graph a general description of all possible variations is obtained. That mapping
can introduce ambiguities since the dependency graph lacks expressivity—artifacts, for
instance, can be abstract classes and the mapping cannot assure which implementation
must be applied. Figure 2.3 depicts a mapping between the features in a feature diagram—
at the top of the picture—and the artifacts that compose features in the dependency
graph—at the bottom of the picture.

1. Granularity: This is a general purpose model which addresses the gap between the
problem space and solution space. Specifying the artifacts that describe a feature is
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not a concern to this model. Thus, this criterium is not applicable.

2. Allowed operations: This model describes features by the addition of software ar-
tifacts. This addition is addressed by mapping a set of software artifacts to the
feature.

3. Dependency Management: This model advise for invalid composition. Dependencies
between software artifacts are described by the dependency graph. Linking those
artifacts with features the dependency between features is provided.

4. Customized feature deployment: In this model features cannot be customized to
deploy in a different way depending on the context.

5. Feature specific language support: This model does not require any specific language
support. It uses feature diagrams and dependency graphs.

2.2.3 Lifting functions

In [31], Prehofer introduces a model for flexible object composition from a set of features.
He proposes a modular architecture for composing features with the required interaction
handling, yielding a full object. Inspired on inheritance, it resolves feature interactions
by lifting functions of one feature to the context of the other using method overriding.
Features are described as a language extension of Java, maintaining the same expressivity
as classes. Feature composition is achieved by composing two features at a time, using
its previously defined lifter which knows how each feature must be adapted for composing
with another one. The process can be executed many times for composing several features.
This model is presented as an extension to Java and gives two translations to Java, one
via inheritance and other via aggregation.

Figure 2.4 shows fourth features F_1, F_2, F_3 and F_4; three composition of these features:
(F1 - F3), (F1-F2-FJ3)and (F1 - F3 - F4). To accomplish these composi-
tions are provided five lifting functions that handle the interactions between two features.
In this example, they are: (F_1,F_2), (F.1,F_3), (F-2,F.3), (F2,F.4) and (F_1,F_4).

This approach requires intensive human intervention since lifters need to be written for
every pair of features which might be composed. Although, it increases the accuracy of
the resulting composition it would introduce an extra work since it require the definition
of lifter functions to address feature interaction.

1. Granularity: In this model the smallest entity that a feature can express is a state-
ment. However, the ways in that a feature can add a statement to a method is very
restricted. It is addressed by overriding the method with a new version and calling
the old version of the method at a certain point. In general this model modifies
entities by adding classes, methods and instance variables.

2. Allowed operations: This model expresses features using the same building blocks as
the OOP languages. Moreover, by overriding methods, it allows the introduction of
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Figure 2.4: Composing Objects by means of lifting functions

new behavior. It does not allow modification of a specific statement or deletion of
any entity.

3. Dependency Management: Lifters are defined for all pairs of features in a compo-
sition. In those lifters, dependencies are covered explicitly since they know which
features are adapting the context of the others.

4. Customized feature deployment: This approach does not allow to customize the de-
ployment of features. However, it offers to adapt the deployment of a feature manu-
ally by means of lifters.

5. Feature specific language support: This model extends Java by adding the notion of
a feature. A feature introduces a lifting function which addresses the interaction of
features.

2.2.4 Extra-functional features

The number of software variations in Software Product-Lines grows exponentially with the
number of different features. Benavides et. al [8] propose a model for SPL using constraint
programming that tackles that issue.

The nature of a SPL is to create instance products by reusing features. Feature models
are used to model SPL in terms of features and relations amongst them. The graphical
description of a feature model is a feature diagram. A SPL with a large number of features
leads to a large number of potential products. Most models only address functional fea-
tures and lack modeling artifacts that deal with extra-functional features. The model of
Benavides et al. addresses this issue by providing an extra-functional feature management.

A feature attribute is any characteristic of a feature that can be measured. An extra-
functional feature is a relation between one or more feature attributes. This model proposes
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Figure 2.5: Extended feature diagram including extra-functional features

an extension for feature models allowing that each feature can have attached several extra-
functional features. We illustrate the extra-functional features with the example presented
in the Figure 2.5. It shows a feature diagram that establishes that Services can be a
composed by Video on Demand or an Internet Connection, in the case of the latter, it
can be a Power Line zor ADSL zor Wireless. Although the or operand is true whether
at least one of the operands is true, a zor operator is true whether at most one of the
operands is true.

Resolving a Constraint Satisfaction Problem (CSP)is about finding the correct value for
a set of variables which satisfies a set of constraints. This approach proposes an algorithm
to provide this set of values which resolves the CSP. Thus, the extended feature model is
transformed into a CSP. Using constraining programming to reason on extended feature
models this model provides information about: Firstly the number of potential products by
interpreting the extended feature model, secondly the products produced by a specific set
of characteristics, thirdly the production of product instances from the extended feature
model, fourthly information about whether the extended feature model can produce at least
one product—which means that is a valid model and finally the selection of a product based
on a criteria for producing optimum products.

1. Granularity: This is a general purpose model. It does not address the granularity of
feature since it is not its main concern.

2. Allowed operations: This model enhances the expressivity of features by adding the
notion of extra-functional features as the interaction between the attributes that
compose a feature. It does not address the building blocks that compose a feature,
but enhances the graphical description that a feature diagram provides.

3. Dependency Management: This model introduces a notion of dependency between
features and their attributes. It provides extra-functional features as the relation
between attributes. However, feature dependency between features themselves is not
addressed.
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4. Customized feature deployment: It does not allow to customize the deployment of
features. Features are fixed and can only be applied or omitted as a whole.

5. Feature specific language support: It extends feature diagrams by introducing the
concept of extra-functional features.

2.2.5 Mixin-layers

The approach proposed by Smaragdakis et. al [35] uses a collaboration-based technique for
examining large-scale refinements. A refinement adds units of functionality to a software
system. It can affect many implementation entities such as classes, functions, etc.

Software components are described by fragments of multiple classes which encapsulate
fragments of multiple functions. It pursues reusability by using these kinds of components
as building blocks of large-scale applications. Large-scale refinements exhibit a crosscutting
behavior, since they normally impact on many classes at the same time.

A collaboration is a set of objects and protocol—which specifies allowed behavior—that
defines how objects must interact. The object’s role in a collaboration is the part of it
enforcing the protocol. Usually, objects of an application can participate in many collabo-
rations. A role can be seen as the part of an object that takes place within a collaboration.
Thus, collaboration-based design describes applications by composing collaborations.

Furthermore, a refinement of an Object-oriented class is encapsulated by a subclass,
hence it can add new methods and attributes, as well as override methods of the super-
class. Class inheritance is not enough, however, to cope with large-scale refinements of
a collaboration-based design. A solution is proposed by presenting mizins. A mixin is
an Object-oriented construction, similar to a class but with the ability of being defined
without specifying a superclass. Thus, it is flexible since it is able to refine a class by
instantiating different superclasses dynamically. Because a mixin only copes with one class
while a collaboration contains many classes at a time, mizin-layers were introduced. These
scale-up mixins so they can handle multiple smaller mixins that are collaborating.

Mixin-layers is a way for expressing large-scale refinements in a collaboration-based
design. Since mixin-layers like collaborations encapsulate refinements which applied in
certain way produce a software, it is a fertile field for software product-lines. Applying a
Mixing to different layers assist in producing all instances of a software product-line. Figure
2.6 shows an example taken from [38]. It presents a collaboration diagram which models
the graph traversal application that defines three different algorithms on an undirected
graph: Vertex Numbering, Cycle Checking and Connected Regions. The application
has three classes: Graph, Vertex and Workspace. The application is decomposed in five
collaborations.
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Figure 2.7: Composition by Mixin-layers

Thus, Figure 2.7 shows a composition which expresses the development of a vertex
numbering application as a series of refinements. Mixin-layers are represented as ovals,
they contain several mixins refines classes.

1.

Granularity: A Mixin-layer is able to introduce modifications until the level of state-
ments. However, is not possible to introduce a statement in the middle of the body of
a method. This model addresses method modification by overriding the method with
a new definition. Even though this definition is able to invoke the old one (allowing
to maintain the old behavior with a encapsulated change), it does not cover all the
possible statement insertions that can be desired to do to a method.

. Allowed operations: This model provides Mizin-layers as building blocks for building

a software. Since Mizin-layers are based on refinements, they only allow the addition
and a specific kind of modification—for instance, to introduce a statement in the
middle of the body of a method. It does not allow deletion.

Dependency Management: Dependencies between Mixin-layers are addressed explic-
itly.

Customized feature deployment: This model does not allow to customize the deploy-
ment of features.

Feature specific language support: They introduce Mizin-layers as a way to encapsu-
late features. Mixin-layers extend an Object-oriented language with a construct that
models Mizins and Mizin-layers.
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2.2.6 FeatureC++

Feature C++ is a language extension proposed by Apel et. al[2] to support Feature-
Oriented Programming (FOP) and Aspect-Oriented Programming (AOP). FeatureC++
implements features by means of Mizin-layers. A Mixin-layer is a set of Mixins that imple-
ment a crosscutting concern. Mixins consist of constants or refinements. Constants are new
software entities and refinements are increments on existing ones. In FeatureC++, Mixin-
layers are represented as file system directories. Mixins found inside a directory collaborate
in the Mixin-layer. FeatureC++ improves FOP in two ways: Firstly it enhances refine-
ments with multiple inheritance to introduce new behavior to a class by making the class
inherit from multiple classes; Secondly it improves refinements to produce generic transfor-
mations into classes. Using class and method templates, refinements can be parameterized
improving variability. FeatureC++ addresses FOP issues related with crosscutting mod-
ularity by means of AOP. The following three concepts were introduced to that extend:
Multi Mixins, Aspect Mixin Layers and Aspectual Mixins.

Multi Mixins: Traditionally, a mixin is able to modify only one mixin. This latter mixin
is called the parent mixin. A Multi Mixin is a mixin able to refine a whole set of parent
mixins. This is accomplished by introducing a wildcard % in the class or method name
whether the mixin is specified.

Aspect Mizin-layers. The basic idea is boil down to embed aspects into a Mixin-layer.
A Mixin-layer contains a set of mixins and a set of aspects, allowing mixins to implement
static/dynamic, homogeneus/heterogeneus and hierarchy /non-hierarchy-conform crosscut-
ting behavior.

Aspectual Mizins provide Mixin with the power of AOP. Mixins can contain pointcuts
and advices, as well as common refinements and constants. The analysis of FeatureC++
with our criteria has produced the following results:

1. Granularity: The level of granularity provided by Mixin-layers allows manipulations
at the level of statement. Although, a single statement cannot be modified, state-
ments can be modified by refining a whole method. It means to add the new statement
and invoke the old method after that.

2. Allowed operations: Features are represented as Mixin-layers in the form of Multi
Mixins, Aspect Mixin Layers or Aspectual Mixins. Thus, a feature is able to introduce
new attributes and methods and to modify methods in a limited way. This approach
is not able to describe features by deletions because it uses aspects to implement
features.

3. Dependency Management: Features dependency is addressed by the interaction be-
tween Mixin-layers which is explicit. However, dependency between the building
blocks—Mixins—that compose a feature—Mixin-layer—is not addressed by the model.

4. Customized feature deployment: Aspectual Mixin-layers and Aspectual Mixins are
variants of Mixin-layers which introduce AOP. How a feature is deployed, can be
addressed by AOP. It allows to deploy a feature in a different manner depending on
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the context. For instance, a Mixin-layer that adds an invocation to all classes where
its name starts with set would add a different number of invocations depending on
the features that are being composed.

5. Feature specific language support: This model introduces the concept of a feature as
a language extension for C++.

2.2.7 Composition-Filters

The composition-filters model-—proposed by Bergmans [9]—aims at providing techniques
to support large-scale software. It is a modular extension to the conventional object model.
Figure 2.8 depicts the model which consists of a kernel and an interface. The kernel is
no more than an regular object which has instance variables, methods and conditions. A
condition is a boolean expression which provides information about the current state of
the object. It is implemented as a method that takes no parameters and returns a boolean
object as a result. The interface is an addition to the object model which consists of input
filters that are able to determine if an incoming message should be redirected to a method
or rejected—this is done using the conditions and their properties—and a set of output
filters which deal with messages that are sent by the object. Instance variables in the
kernel are isolated, only methods and conditions can be accessed directly. Methods are
accessed by messages—whether input filters allow them—and conditions by input filters.
A special construct in the kernel is the initial method which encapsulates instance variable
initialization, but can also initiate other activities in the system.

Since instance variables cannot be accessed directly, all activities in an Object-oriented
computation model are performed through message invocations which makes filters a
central artifact in this model. The mechanism used for input filters is the same that
used for output filters, the only difference is that input filters process received mes-
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sages and output filters do the same with sent messages. A filter is composed by a
filter pattern which addresses the recognition of messages and a filter type which in-
dicates the action that will be taken when a message is accepted by the filter. A filter is
able to modify the content of the message and redirect it to a method, to another filter or
discard it.

Although composition-filters is a general purpose model to separate crosscutting con-
cerns, we think it is appropriate for Feature-oriented programming. It improves the ex-
pressivity of Object-oriented languages by introducing filters. Filters can be composed
in many orders producing different behavior, and also reused in many composition-filters
amongst an application.

1. Granularity: Composition-filters allow the modification of the entire behavior of an
object. The granularity that this model proposes is set at the level of objects. It is
accomplished by using the set of filters to process the incoming and outgoing messages
of an object.

2. Allowed operations: A feature can be described by one or many composition-filters.
They can add new functionality to a program and modify the behavior of previous
software entities by using filters. Composition-filters do not allow the deletion of
software entities.

3. Dependency Management: Composition-filters are able to represent features by ma-
nipulating the behavior of objects through the set of filters. Thus, dependency does
not need to be tackled by the model, but is tackled by the compiler of the language
where the composition-filters is implemented. Consequently, composition-filters do
not provide feature dependency management.

4. Customized feature deployment: This model does not allow to customize the deploy-
ment of features.

5. Feature specific language support: Composition-filters is an enhancement for the ob-
ject model.

2.2.8 AOP

In the construction of a program there are crosscutting concerns which implementation
is scattered all over the code of the program making it more difficult to understand and
maintain. This scattering issue is addressed by Kiczales et. al [24] in Aspect-Oriented Pro-
gramming (AOP). Examples of crosscutting concerns are: tracing, transactions, logging,
ete.

AOP introduces the concept of a pointcut as way to match the places of a code program
where the concern occurs. It also introduces advices as an artifact that specifies code to
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class Buffer{
int buf = 0;
int get(){
return buf;
¥

void set (int x){
buf = x;

}

Listing 2.4: AOP Base feature

public aspect Restore{
int back = 0;
void restore (){
buf = back;
¥

public pointcut set(int x): target(
&& execution (void Buffer.set ()
void before(int x); set(x){
back = buf;
}

x)
);

Listing 2.5: AOP Restore feature

introduce behavior at the places matched by the pointcut. Advices are woven to the
program at the point of the pointcut. Doing so, a crosscutting concern can be stored in a
modular way making the program’s code easier to understand and to maintain.

Listings 2.4 and 2.5 show the Buffer example implemented with Aspect] [23] (the
mainstream AOP approach). It introduces a Buffer class that specifies a buf instance
variable and methods set and get; and an aspect that adds a back instance variable, a
method restore to restore the value of buf and that introduce an statement before the
execution of method set. Although AOP is a general purpose approach, we believe it is
an appropriate technique to FOP. Aspects can implement features and the weaving phase
implements the composition of the features to the base program.

When applying AOP in a Feature-oriented programming way means to develop the fea-
tures by Object-oriented programming artifacts such as classes and by aspects. Doing so,
a set of classes and aspects can specify a feature. FOP requires to compose features to pro-
duce a software instance. Although AOP provides means to weave aspects with classes and
by that produce a valid application, it does not provide means to specify the set of features
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that is desired to compose. In a FOP point of view, we realize that AOP always compose
all features that are specified in the environment, not allowing to select a subset from them.

1. Granularity: In general AOP is able to introduce modifications at any level of pro-
gram entities. However, there are AOP implementations, such as AspectJ [23], that
provide a granularity down till the level of methods.

2. Allowed operations: Features implemented by means of aspects can express addition
and restricted modifications to a base program. Although modifications can introduce
behavior before, after and around a method, they cannot introduce a statement in
the middle of a method.

3. Dependency Management: The feature dependency in terms of dependency between
aspects and the base program is addressed by the pre-compiler which weaves aspects
in the base program. Consequently, all approaches do not focus on dependency
management at all.

4. Customized feature deployment: Pointcuts allow to match places of a program by
pattern matching. Doing so, the places where an aspect may introduce behavior
depend on the elements present in the program at the moment that the aspect is
woven. Thus, features by means of aspects provide a customized deployment.

5. Feature specific language support: AOP enhances OOP by introducing new concepts.
Many implementations provide AOP capabilities to existing OOP languages.

2.3 Discussion

Table 2.1 summarizes the analysis of each presented approach based on the provided cri-
teria. There is no approach that fulfilled all criteria. Although most approaches allow
operations such as additions and a specific kind of modifications, none of them allow de-
letions. In the addition of a feature to a legacy system, since the legacy system is already
implemented, may require the deletion of certain parts of the system. Thus, new ap-
proaches to FOP should be established that does address that kind of operation. Next to
that, most of approaches set the granularity at statement level, but all of them allow it
with restrictions. For instance, in AHEAD a programmer is not allowed to introduce a
statement between two statements in an existing method.

2.4 Conclusions

After inspecting the state-of-the-art in Feature-oriented programming we acknowledge that
all approaches intend to encapsulate features in separated modules, but that most of the
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Granularity Allowed Opera- | Depend.| Customized| Feature spe-
tions Mgmt. | deploy- cific language
ment support

AHEAD Statement with | Addition and | Yes No Yes
restrictions modification

Generic com- | Not applicable | Addition Yes No No

position

Lifting  fun- | Statement with | Addition and | Yes No Yes

ctions restrictions modification

Ezxtra- Not applicable | Not applicable | No No Yes

functional

features

Mixin-layers | Statement with | Addition and | Yes No Yes
restrictions modification

FeatureC++ | Statement with | Addition and | Yes Yes Yes
restrictions modification

Composition- | Object Addition and | No No Yes

filters modification

AOP Conceptually Addition and | No Yes Yes
statement, limited modifi-
in practice | cation
method

Table 2.1: Analysis of the FOP approaches based on our criteria

approaches do it in a different way. There is an awareness that features are not sufficiently
described by Object-oriented languages constructs—classes, methods, etc. That is why all
approaches make language extensions. They need new means for expressing the concepts
they introduce. It is difficult to imagine writing a program in a Feature-oriented way
whether each feature is perfectly enclosed in a class, we realized a feature normally impact
in many software entities at a time. A popular technique that addresses this issue is a
refinement which is able to introduce modifications to previous language entities. How-
ever, refinements lack expressivity, since they cannot describe specific modifications on a
software entity. For instance, refinements do not allow the deletion of a class, method or
statement. They allow a specific kind of modification of methods that is based on calling
the original method before, after certain statements of the new one.

A field that has been improved by Feature-oriented programming (FOP) is Software
Product-Lines (SPL). When managing large-scale programs arise the necessity of provid-
ing an automatic reasoning for feature composition. Prehofer’s liftings are not applicable
for large-scale programs due feature interaction must be handled explicitly for every fea-
ture in the composition. Bergman’s Composition-filters seems extremely fine-grained to be
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applied in large-scale programs, as well. In a large-scale SPL the number of features can
make a composition not feasible.

A common trend in Feature-oriented programming is step-wise development. That
means to create a program by adding features in a incremental way. It has the benefit
that each feature has all its dependencies satisfied, since it will always be applied after the
entities on which it depends.

Nowadays, software is created by many developers at a time, all of them work in parallel
developing software artifacts that can depend on entities which will be implemented in the
feature or by others co-workers in parallel. Thus, dependency information requires to be
handled by features themselves. A feature must know on which other features it depends.



Chapter 3

Changes as first-class entities

The goal of this thesis is to use first-class change objects as the building blocks of the
features. For that, we need a model of first-class changes. This chapter analyzes the state-
of-the-art approaches that successfully used first-class change objects in other domains. As
the goal of this chapter is to find an appropriate model of that first-class changes, we first
establish a set of criteria to which we compare the model of all approaches.

3.1 Concepts

A change is an operation that captures the information about an adaptation of a software
system. A change can be produced by monitoring the developer when producing a soft-
ware system. An upcoming trend is modeling changes as first-class entities. First-class
entities are entities which can be used in programs without restriction. Some character-
istics of a first-class object are: being storable in variables, having an intrinsic identity,
being passable as a parameter, being returnable as the result, being created at runtime,
being printable, being readable and being transmissible among distributed processes [10].
Approaches modeling changes as first-class entities exploit those properties to ease the
manipulation of changes and the storage of information related to them. A field where this
kind of model of changes would be useful is Software Generators [7, 20, 3, 5]. Software
generators are programs that build other programs.

In this chapter, we present the state-of-the-art approaches we found to model changes
as first-class objects. We developed a set of criteria with the aim of analyzing and placing
these approaches. We aim an approach that provides the same kind of operations as
the IDE provides to the developer, a proper granularity that allows us to capture the
modifications that are produced, without losing information and an explicit management
of dependencies that allows to manipulate change objects with freedom.

1. Granularity. A change has a subject which is the proper entity that is affected by
this change. This criterium analyzes which is the level of the granularity provided
by the approach.

32
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2. Allowed operations. A change could consist in additions, modifications or deletions
of entities. The aim of this criterium is to establish which kind of operations can be
captured by changes.

3. Dependency Management. Changes are modeled as first-class entities, thus they can
encapsulate information. This criterium verifies if the approach stores information
about the dependencies.

3.2 Related work

The following sections show relevant related work that models changes as first-class entities.
We analyze these approaches based on our criteria to check how other approaches solved
the concerns that our criteria states. In order to find an appropriate model to represent
design.

3.2.1 SpyWare

The goal of software evolution research is to use the history of the software for analyzing
its present state and be able to predict its future development. The most common source
of information that software evolution researchers have for analyzing the history of a soft-
ware is the revision control system. It copes with the management of multiple versions of
the same unit of information—e.g: a software entity as a class, method, statement. Most
implementations are based on taking snapshots of software. Comparing different versions
of a same software entity provides information about how a software is produced. However,
this technique does not allow the recognition of which modifications were introduced to
the old version to produce the new one. The information about the modifications between
commits to the revision control repository is missing. Consequently, it cannot reconstruct
how a certain version was produced, in others words which actions were taken to produce
a software entity.

Robbes and Lanza [32] propose a change-based approach to software evolution. In their
approach, the Integrated Development Environment (IDE) is instrumented with hooks that
allow an IDE plug-in when modifying the system. The plug-in creates first-class entities
that represent those actions.

First-class change entities are objects that capture the history of a system in an incre-
mental way. They are able to reproduce the software of which they represent the history.
When executed, they yield the a representation of the program at a certain point in time.
They contain additional information interesting for evolution researchers, such as when
and who performed the change operation.
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As a proof-of-concept they developed SpyWare. Spyware is a Squeak implementation
which monitors developer activity by using event handlers located at IDE hooks and gen-
erates change operations—as first-class entities—from them. Doing so, it is able to provide
graphical information for analyzing the evolution of a program.

1. Granularity: Spyware is a tool that allows to capture the changes that a developer
produces until the level of statements.

2. Allowed operations: Changes can represent additions, modifications and deletions of
software entities.

3. Dependency Management: This approach does not take into consideration change de-
pendencies. It stores the entire evolution history of a program—while it is written—in
an incremental way. Thus, the application of a change requires the application of all
the previous changes in time. Changes are not intended to be used as modular units
that can be applied.

3.2.2 CatchUp!

Library developers are constantly evolving the libraries they produce. When a library
evolves, developers are careful about changing the Application Programming Interface
(API). In the evolution of a library many changes can affect client code, such as renaming
of methods or changing the scope of an instance variable. Any of these changes may in-
troduce errors to client code which reference old entities.

A popular technique for handling library evolution is deprecation. When a method has
been renamed, the developer produces a new method with the new name and marks the
old method as deprecated. This mark warns developers to not use this method anymore
even though it allows backward compatibility.

In the evolution of a library, a new version could decide to remove many methods and
to provide new improved ones—maybe with new method names. This could produce that
client applications—which intensively use this old methods—may choose to rely on the old
version of the library for an extended period.

Library management can turn more complex in time. Consider an application that
needs to use libraries A and B, where A depends on the version 1.0 of a library C and B
depends on the version 2.0 of the same library C.

Henkel and Diwan [19] propose a model for capturing the changes that a developer
produces on a library. These changes can be replayed in the client’s code reacting accord-
ingly to the corresponding API evolution. In [27] the authors claim that most changes
that a developer produces in the evolution of a library are refactorings. Moreover, they
state that any change to a software program that preserves behavior can be understood
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as a refactoring. Using IDE hooks to catch the refactorings introduced to a library, they
store that information within changes modeled as first-class entities.

The process starts with the recording phase which occurs when the developer is evolving
the library. He introduces refactorings that produce changes which are logged in an incre-
mental way. Then the developer can annotate the changes with semantic information. For
instance, a change specifying it has been produced for Renaming to avoid name clashes.
The outcome of this phase is a new version of the library and a file containing a list with
all executed changes. In case a refactoring does not affect client code, the change which
represents that refactoring can be removed from the list of changes. In order to integrate
the new library version into client code, the list of changes needs to be replayed on the
client code.

CatchUp! is presented as a proof-of-concept. CatchUp! is an Eclipse plug-in written
in Java. It provides means for recording library refactorings which are stored as a list of
first-class change objects. It allows to replay the list of changes to a client code updating
it for using a new library version.

1. Granularity: CatchUp! maintains a list with the kinds of refactorings that it is
capable of capturing. It is able to record changes at the refactoring level which
depending on the implementation can be set at the method level.

2. Allowed operations: This model records changes that produce additions and several
kinds of modifications, such as: renaming classes, moving Java elements, etc. It also
is capable of capturing deletions such as remove parameters or remove exception

types.

3. Dependency Management: This approach does not take change dependency into
consideration since library evolution is produced in a step-wise way. The list of
changes is always replayed in the same way that it constructed.

3.2.3 VisualWorks: Change List

Smalltalk VisualWorks records and maintains all changes which are made to the system
in a Change List [34]. The Change List tool provides a wide variety of operations for
reading change files, comparing the contents of a change file, to reorder, remove and replay
the changes to the system. This process could end in an error since one operation might
require that another operation is applied before. Some uses are: recovering from a crash,
reverting to a prior version and merging several developments into a unique environment.
Change List provides a conflicts view to merge changes made in different collections, and
to construct a single file containing only the desired changes. It can also be an aid in crash
recovery, by filtering older changes from a changes file. The Change List tool makes it
easy to see the evolution of—and to examine the details of—the code at any stage of its
development history. It is particularly useful when we need to see a prior version in order
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to change the code back.

In this approach changes are modeled as first-class entities as instances of the Change
class. It has many subclasses for specific kinds of changes.

1. Granularity: Changes in the Change List can represent modifications at the level
of methods. Although, it does not provide facilities for detecting changes at the
statement level, that kind of changes can be detected by comparing the method
before and after the change is applied.

2. Allowed operations: Changes can represent additions, modifications and deletion
depending on which entity is affected. For instance, if a statement is removed, the
change produced would describe that a method has been changed.

3. Dependency Management: This approach does not provide dependency management.
The developer is responsible to establish the dependencies by setting the right order
of the changes in the list.

3.2.4 Change-impact Analysis

Applying changes to an Object-oriented program could introduce undesired effects, due
to the use of subtyping and dynamic dispatch. Software maintenance phase consumes the
longest time in its life-cycle [21]. Because of that, maintenance programmers, who need
to fix bugs and add enhancements to Object-oriented systems are often hesitant to make
invasive changes due to possible side effects that these changes might introduce.

Ryder and Tip [33] elaborate on a collection of techniques for determining the impact
that a set of source code changes has on the software system. Source edits are transformed
into a set of changes. Table 3.1 presents the kinds of changes that are defined by this
approach. For instance, an LC change is produced by any kind of source code change
that affects dynamic dispatch behavior. A source change may trigger many changes, e.g.,
the addition of an empty method may imply several changes, of types AM and LC. They
formalized the method dispatch process defining a Lookup function. The impact of edit
actions on lookup can be monitored.

In this model, dependency is defined as the interaction between changes that make
a change to need another one to ensure the compilation success. The introduction of
categories for changes establishes a partial ordering between them. This computation is
produced automatically.

A set of test drivers 7 is associated with a program P. For each test driver ¢; in the set
T, a call graph is produced. Each node is a method of the program P called from the test.
Each edge corresponds to the calling relationship between the methods of P. The same
description applies for an edited program P’. The model is completed with the definition
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Type | Description

AC | Add an empty class

DC | Delete an empty class

AM | Add an empty method

DM | Delete an empty method

CM | Change body of method

LC | Change Virtual method lookup
AF | Add a field

DF | Delete a field

Table 3.1: Categories of changes

of AffectedTests which is a function for computing the test drivers that are affected by a
set of changes, and AffectingChanges for computing the changes that affect a specific test
driver. These functions detect the impact of the changes by traversing call graphs P and P’.

Although this approach does not state that it models changes as first-class entities, we
believe it can be appropriate for maintaining all the information related with changes and
to manipulate changes.

1. Granularity: This approach capture changes related with classes, methods, fields and
any modification that affects method lookup.

2. Allowed operations: The operations that the changes in this model allow include
addition, modification and deletion of entities.

3. Dependency Management: This approach takes into consideration the dependency
between changes that ensure a correct compilation of the resulting program.

3.2.5 Changeboxes

Most software applications must change continuously to meet new demands. Program-
ming languages and development environments, however, invest more effort into providing
mechanisms that limit change than into those that enable or exploit change. To address
these phenomena, Denker et. al propose Changeboxes [12]; a general-purpose mechanism
that encapsulates change as first-class entities in a running software system. Figure 3.1
shows how Changeboxes are modeled. A ChangeBox may specify three kinds of changes:
definition, renaming or deletion. Elements are the target of a ChangeSpecification and
model classes, methods or fields. A ChangeSpecification of a ChangeBox defines how
one version of an Element may be transformed into another version of that Element.

Changeboxes capture the incremental evolution of a software system. They can be
linked to ancestors ChangeBoxes, that represent prior ChangeBoxes to the same system.
A MergeStrategy defines how two ChangeBoxes can be merged. A ChangeBox is defined
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Figure 3.1: Changebox implementation class diagram

within a Scope which allows that multiple versions of a same entity execute at a time. The
system is changed by introducing new Changeboxes which encapsulate a change specifica-
tion. CompiledMethod and Class represent specific versions of classes and methods, that
later can be used by the virtual machine to instantiate new objects.

A Changebox is an immutable entity that defines a snapshot of a system by encap-
sulating a set of change specifications, specifying a set of ancestor Changeboxes to which
these changes apply and by providing a scope for dynamic execution.

A Smalltalk implementation of Changeboxes was successfully evaluated. It illustrates
that bug fixes, new features and refactorings can be safely interpretable into a running
system without impacting active sessions.

1. Granularity: The granularity of this model goes down to the level of fields, methods
and classes, as we can see in the model diagram of Figure 3.1.

2. Allowed operations: This model allows defining, renaming and deleting software ele-
ments.

3. Dependency Management: Dependency is not modeled at the level of the elements
that configure a Changebox, but at the level of Changeboxes itself. Changeboxes can
be related with other Changeboxes by the ancestor relationship.

3.2.6 ChEOPS

Most interface development environments IDFE lack support for system evolution. Most
Smalltalk IDEs include a Change List tool which maintain a list of changes encapsulated
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in first-class entities that can be referenced, queried and passed along. In [14], Ebraert et.
al report on four shortcomings of the Change List tool.

Firstly, a Restricted level of granularity: Changes in Change List are restricted to
classes and methods. Secondly, Term overloading: The same change object can represent
several kinds of modifications. Thirdly, Lack of high-level changes: Change List does not
provide facilities for monitoring the intention of a developer. Thus, a method refactory
produces many changes which are captured by the Change List but the information that
relates those changes with the original intention is missing. Finally, No exploration facili-
ties: After several modifications to a program, the number of changes in the Change List
can make the exploration of the list cuambersome and error-prone.

The authors propose a model that introduces five enhancements for overcoming Change
List limitations. Change object should be fine-grained, composable, dependent, intensional
and the IDE should be change-oriented.

Fine-grained first-class changes: Extending the class hierarchy of changes in the Change
List tool, this model introduces dedicated change objects for all possible association be-
tween program entities. Composable first-class changes: When adding a new feature to a
program many atomic changes are made. By grouping changes their intention—why those
changes where introduced to the program—can be preserved. Doing so, changes can be
classified into atomic changes and composite changes. This increases the ability to un-
derstand the change list. Dependent first-class changes: Creational changes are changes
which introduce new entities to a program. Thus, a change which modifies an entity always
depend on its creational change. Intensional first-class changes: Changes can be specified
by an extension—by listing them—or an intention—by expressing them declaratively. A
logic-based declarative language is proven to be suited for declaring changes intensionally.
Change-oriented IDE: Interface Development Environments represent an ideal place for
capturing the changes that a developer makes on a system. Most IDEs provide graphical
means for commanding changes such as: creating a new class, a new method or applying
a refactory. This semantic information can be captured using the hooks that the IDE
provides.

The model introduces preconditions to manage the dependencies between changes. A
precondition must be satisfied before a change is applied. Preconditions are imposed by
the programming language, for example, methods can only be added to existing classes.
The model is validated by the proof-of-concept implementation of ChEOPS. The Change-
& FEvolution-Oriented Programming Support ChEOPS is a proof-of-concept tool which
enhances the Change List tool by adding five new features. It is implemented as a plug-in
for the Smalltalk VisualWorks IDE.

1. Granularity: This model introduces dedicated change objects for all program enti-
ties and possible associations between them, such as: classes, methods, statements,
invocations, accesses, etc.
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2. Allowed operations: Changes can capture the addition or deletion of program entities.
To capture a modification is provided by composing a deletion with a addition change

object.

3. Dependency Management: In this model changes are aware of its dependencies. De-
pendencies are modeled as preconditions which must be satisfied before a changes
is applied. Preconditions are imposed by the programming language, for example,
methods can only be added to existing classes.

3.3 Discussion

Table 3.2 summarizes the analysis of each approach presented based on the provided cri-
teria. In general, most approaches provide a fine granularity at least at level of statement.
They also provides means to characterize changes as additions, modifications and deletions.
However, only Change-impact analysis, Changebozes and ChEOPS provide an explicit de-
pendency manage model. Although these three approaches are appropriate for our model,
we select ChEOPS as our change-based model. Our think that ChEOPS provides a simpler
model which can be extended and adapted as needed.

Granularity Operations Dependency
Management.
SpyWare Statement Addition, modification | No
and deletion
CatchUp! Statement Addition and specific | No
modification
Change List Method Addition, modification | No
and deletion
Change-impact | Class, method, field and | Addition, modification | Yes
Analysis lookup modifications and deletion
Changeboxes Class, method, field Addition, modification | Yes
and deletion
ChEOPS Statement Addition, modification | Yes

and deletion

Table 3.2: Analysis of the approaches based on our criteria

3.4 Conclusions

The list of related work shows many approaches which successfully have modeled changes
as first-class entities. All acknowledge that there is a necessity for capturing the operations
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that are made when a program is written. Doing so, the construction of programs can be
manipulated automatically by software generators [7, 20, 3, 5].

A first-class change must store information such as: when it was created, who created
it, what dependencies it has and specific data related with its nature. It seems very useful
to store that information within the change itself. Moreover, the first-class change object
can be manipulated, assigned to variables, passed as argument to methods, returned as
a result of operations, and so on. A convenient way for doing so is modeling changes as
first-class entities.



Chapter 4

A change-base approach to FOP

This chapter presents how we elaborated on solutions that address the goals of this thesis.
Chapter 2 explained how modularizing software with FOP opens opportunities to use
program modules as building blocks to create new software variations. Chapter 2 presents
many approaches to FOP and concluded with the shortcomings of these approaches.

We believe that modeling features by a set of changes provide many properties that help
us to reach our goals. In chapter 3 we analyzed how changes have been proved successfully
in other domains. In this chapter we first propose a model of first-class change objects. We
present an explicit dependency management. Hence, we model features as set of changes
and introduce flexible features a new concept to enhance feature reusability. We introduce
tools that reify the concepts of our model.

4.1 Change-based software development

Change-Oriented Software Engineering (COSE) was first introduced by [14]. Tt centralizes
change as the main development entity. In COSE, all operations a programmer performs
while making a software system are captured in change objects.

We illustrate COSE by an example: a Buffer base program that follows the wvalue
object pattern [18]. It introduces a buf field and methods to get and set its value, then
we incrementally add several features in a feature-oriented way.

Listing 4.1 shows the pseudo Smalltalk code for the Buffer class. It is annotated with the
ID’s of the corresponding change objects (on the left), which are depicted in the Figure
4.1. The figure does not really show the incremental development that was done in order
to produce this code. Actually, first the Buffer class was added (B.1). Afterwards, an
instance variable buf was added (B.1.1), then the methods get (B.1.2) with its body
(B.1.2.1) and set (B.1.3) with its body (B.1.3.1) were added.

Afterwards, we implement the Restore feature as shown in Listing 4.2. It adds a field
to store the old value of buf and a method to restore its value. We annotated the entities
affected by the changes with a gray background. Figure 4.2 shows the changes that capture

42
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B.1 class Buffer

B.1.1 buf := 0.

B.1.2 get

B.1.2.1 " buf

B.1.3 set: aValue
B.1.3.1 buf := aValue

Listing 4.1: Change-based Base feature

Figure 4.1: Changes representing the creation of the Base feature.

the specification of the restore feature.

A third module contains the functionality to print the values of the buf and back fields,
by adding the logit method and placing invocations to this method in every previous one,
as shown in Listing 4.3. Figure 4.3 represents the corresponding change objects that were
applied.  Finally, we add the Multiple Restore feature. It improves the Buffer with
a functionality that allows to restore not only the previous object stored in buf but also
its previous objects, as shown in Listing 4.4. Figure 4.4 represents the changes needed to
produce the Multiple Restore feature.

4.2 Explicit dependency management

Some features depend on others in order to be able to do what they are supposed to do. A
feature diagram, as shown in 2.1, keeps information about the relations between features.
Moreover, using the composition rules and rationale, they provide information about fea-
ture interactions. The dependency relation is a binary relation that is finite, symmetric
and reflexive. COSE’s change objects are also related by such a dependency relationship.
All changes on which a change C depends on are called the parents of C. We identify two
types of change dependencies: syntactical and semantical [33]. Syntactic dependencies
are enforced by the meta-model of the programming language that is used to develop the
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class Buffer

R R
buf := 0.
get
" buf
set: aValue
R.11 back = buf

buf := aValue

Listing 4.2: Change-based Restore feature

Figure 4.2: Changes representing the creation of the Restore feature.

class Buffer

back := 0.
buf := 0.
get
L.13 self Togit.
" buf

set: aValue

=
[
S

back := buf.
buf = aValue
restore
L1 self logit.
buf := back
L1
1.

Listing 4.3: Change-based Logging feature
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Figure 4.3: Changes representing the creation of the Logging feature.

45

class Buffer

buf = 0
get
self logit.
" buf
set: aValue
self logit.
M. 2 back
buf := aValue
restore
self logit.
M3 bur - bk FemoveRiFst
logit

Transcript show: buf;cr.

Transcript show: _;cr.

Listing 4.4: Change-based Multiple Restore feature

Multiple
@ @ Restore

Figure 4.4: Changes representing the creation of the Multiple Restore feature.




CHAPTER 4. A CHANGE-BASE APPROACH TO FOP 46

software program. We find that language entities are related by the abstract syntax tree,
we call these dependencies hierarchical dependencies. However, we realize that there are
other kinds like invocative dependencies which are the dependencies between the change
that adds a statement that is invoking a method and the change that adds the method
that is being invoked. Accessive dependencies are found between changes that add instance
variables and accesses to them. Finally, a creational dependency exists between a change
that removes or modifies an entity and the change that added the entity, since an entity can
be removed only whether it exists. Semantic dependencies come from the domain knowl-
edge. Hence, the developer is required to establish these dependencies between software
entities. One possible semantic dependency is the common intention of changes.

Consequently, a syntactic dependency is the one that is needed to ensure that a pro-
gram compiles. Examples of a syntactic dependency are: a change that adds a method
depends on the change that created the class where the method is added, or the change
that adds an invocation to a method depends on the change that added the method that is
invoked. A semantic dependency is a relation where the dependent entity does not exhibit
the desired behavior whenever the entity on which it depends is not present. An example
of a semantic dependence is where adding an invocation to method m only exhibits correct
behavior in the presence of a modified version of the method m.

4.3 Changes as feature building blocks

We propose a model where features consist of a set of changes that are modeled as first-
class entities. Doing so, we are able to exploit the first-class object properties described in
chapter 3. We instrument changes with the information that models their dependencies.
Changes that are aware of their dependencies can be transformed into a graph which the
nodes are changes and the edges are dependencies. Figure 4.5 shows a view of the complete
Buffer application of section 4.1. Features are encapsulated in dashed boxes containing
circles which represent the changes produced when developing them. The arrows depict the
syntactical dependencies between changes. However, all changes of a monolithic feature
are said to be semantically dependent of each other.

Dependencies not only are confined to the feature, but they can reach changes within
other features yielding feature dependencies. For example, in Figure 4.5, changes within
the Restore feature depend on changes inside the Base feature, which yields in that the
Restore feature depends on the Base . This means that feature dependency can be mod-
eled by means of dependency between changes. Hence, a well-modularized program would
contain less cross-feature dependencies. The number of cross-feature dependencies might
be an interesting way to measure coupling between the features of a program.

The Buffer example shows several features that are added in an incremental way. The
implementation of each feature consists of modifications to the building blocks of the base
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______________________ B

Restore |

Figure 4.5: Change-based view of the Buffer example showing dependencies.

program and/or previously implemented features. These increments are modeled as a set
of changes. The Base feature is an special case that modifies an empty program. Because
these features are incrementally implemented, some changes do not only consist of additions
but also modifications and deletions of software building blocks that can be: statements,
instance variable accesses, methods or any other programming language construct. For in-
stance, the Multiple Restore feature was created by modifying a statement—to initialize
back with an empty list—and deleting the statement that assigned buf to back within the
set method and adding in the same location a statement that calls the method addFirst
of back which now is a list.

4.4 Feature Composition

The composition of features is the mechanism that allows the creation of a software varia-
tion based on the corresponding functionalities. The strategy to address the composition
of features depends on how features are specified. We specify a feature by a set of changes
that are aware of their dependencies.

A composition is valid if all parent changes of the change objects of the composition
are part of the composition. Hence, an invalid composition is the result of composing
features that contain a change of which at least one parent change does not reside int
the composition. Listing 4.5 shows the implementation of an algorithm that verifies the
validity of a composition. It receives as input a list containing the features of the required
composition and the changes objects that specify the implementation of all features. It
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FeatureComposition >> validateComposition: features
features do:
[: feature |
feature getChanges do:
[: change |
(change isIndependent
|| change allDependenciesSatisfied)
ifTrue: [successful add: change]
ifFalse :

[
]

self depthFirstStrategy: change

]
]

“List with: successful with: error

Listing 4.5: Algorithm to compose features

returns a list that consist of two lists. The successful list contains the changes in the
order in which they must be applied to produce the required composition. The error list
consists of the changes that could not be applied since they have at least one unsatisfied
dependency. Thus, a feature composition from which the error list is not empty is an
invalid composition.

The process starts by traversing the list of features. For each feature, it traverses its
changes. If a change is independent—the change does not depend on any other change—or
if it depends on changes that already were added to the successful list, it can be added to
the successful list. Otherwise, a depth-first traverse strategy is applied starting
from that change. The depth-first traverse strategy starts traversing the changes on
which the former change depends, presented in Listing 4.6. All changes that are already in
the successful list are excluded from this analysis. If from that process a parent change
is found in the same feature that the change, it is asked if it does not depend on any other
change. If so, it is added to the successful list, otherwise the same process is called
recursively starting from the parent. However, if the parent change and the former change
are in different features means that there is at least one dependency involving a change
that is not in the composition at this point. Note that the output of this algorithm depends
on the order of the features that are given as input. This improves the performance as we
explain below.

In the best case, the order of the time complexity of this algorithm is O(n), where
n is the number of changes in the composition. It occurs when all changes do not have
dependencies and can be added to the list directly without calling the recursive method.
In the worst case the order is O(n % (n + e)) which is the result of applying n times a
depth-first search in a graph with n nodes and e edges. It happens when the changes and
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FeatureComposition >> depthFirstStrategy: aChange
aChange changesOnWhichIDepend do:[: parent |
(successful includes: parent)

ifFalse :|
(parent feature = aChange feature)
ifTrue:|
parent isIndependent
ifTrue:|
successful add: parent]
ifFalse : |
depthFirstStrategy: parent]
]
ifFalse :|

error add: aChange]

]
]
]

successful includesAll:
(aChange changesOnWhichIDepend)
ifTrue: [successful add: aChange].

Listing 4.6: depthFirstStrategy method for feature composition

their dependencies describe a list: all changes are chained, and the algorithm starts by the
deepest change. For each change, the algorithm has to traverse the rest, adding one change
for each cycle. In average, the order is O(n?) since the first part of the algorithm process
each change—it means n times—and for each one it can apply a depth-first strategy which
has an order O(n) of time complexity when the number of edges is proportional to the
number of nodes. Note that for each change in our dependency graph, the number of
dependencies that it has would be at most the number of changes.

The main idea of our algorithm is to produce a totally ordered set from a number of
partially ordered set. It yields a list with all changes from the features in the composition.
Changes are ordered, in such a way, that their parents are in a previous position in the
list. Doing so, the application of the changes in the same order of the successful list
produces the required software composition. However, the algorithms presented introduce
a constraint, the list of features to be composed require to be ordered in such a way that
the dependencies of each feature are satisfied by its predecessors.
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Figure 4.6: A valid composition of features Base and Logging.

4.5 Flexible features and their Composition

A crosscutting feature introduces changes that depend on changes that were introduced
by more than one feature. This brings along an issue when one of those features is not in
the composition, since that composition directly turns invalid. A quick and dirty solution
would be to provide a feature for each combination of the features on which it depends.
This kind of solution would increase the coupling between features and decrease reusability,
which is the main purpose of modularizing features.

We advocate another solution which allows features to be partially deployed in a compo-
sition. A feature that shows crosscutting behavior can be implemented as a set of changes
that does not have to be applied as a whole for a composition to be valid. When such a set
is deployed in a composition, the composition algorithm should decide which parts should
be included to and which omitted from the composition. Consequently, flexible features
allow to apply a subset of the changes that they contain.

An example of such feature is the Logging feature in the Buffer example. The Logging
feature consists of the addition of a method which implements its main functionality and
several invocations that are placed in the methods that were introduced by other features.
We argue that is such a case, although the changes that add such invocations depend on
the changes that added the methods to which the former change add their invocations,
we should be able to omit the former change from the composition to make it valid. In
contrast to a feature that has to be applied as a whole (monolithic) we call features that
can be partially applied flexible features. Figure 4.6 shows an example of a composition
of Base and Logging. Since in this composition, the Restore feature is not present, the
changes L.1.2 and L.1.5 from the Logging feature that depend on changes R.1 and R.2
are omitted, allowing to produce a valid composition.

Specifying a feature as flexible has to do with the semantics of the feature and must be
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done manually by the developer. If a developer classifies a feature as flexible, this feature
will be able to be included with all compositions. Composing a feature that was erro-
neously specified as flexible would yield a useless program. Consequently, programmers
should understand the responsibility that comes with this flexibility.

Flexible features are not only confined to describe crosscutting functionality. For in-
stance, a feature that implements a facade pattern [18], would implement a class with
many methods each one invoking a complex service. It can be conveniently described by a
flexible feature allowing to be composed with a set of features which not necessarily include
all the services that the facade class references. In a composition, the facade class will pro-
vide only the methods that can be called in the composition. Once a flexible features is
implemented, however, it cannot affect the features that are implemented afterwards.

We can ensure that the resulting program is able to compile, because all changes that
will be deployed in the composition have their syntactical dependencies satisfied. The ef-
fect that produces flexible features in a composition is just to avoid some changes and not
to avoid the syntactic dependencies.

In order to incorporate flexible features in our composition model, the algorithm pre-
sented in Listings 4.5 and 4.6 should be adapted. Doing so, the validateComposition
method is provided with two more lists for storing an list with the changes that caused
errors and a list of changes that were omitted when deploying a flexible feature as is pre-
sented in Listing 4.7. Moreover, we adapted the depthFirstStrategy method as shown
in Listing 4.8. Whenever a change has a dependency with another change but the latter is
in another feature which is not in the composition, we added a check to detect whether the
change belongs to a flexible feature. If so, the change is omitted from the successful list
and added to the warning list, otherwise it is added to the error list producing an invalid
composition. Their order of time complexity is the same as in the previous versions.

4.6 Tool Support

We developed a tool to implement the concepts described in this chapter. It is based on
the ChEOPS tool [14] for the change management and Mondrian [28] for the graphical
part of depicting feature compositions.

The ChEOPS tool is a VisualWorks for Smalltalk enhancement that allows to capture
the operations that a developer performs while developing a system into change objects.
Change objects are modeled as first-class entities that are aware of their dependencies.
It also provides means for specifying the intention of the modification that produced a
change. We used this intention to specify which feature the change belongs to. A feature is
specified by a name that allows its unique identification and a type for specifying whether
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FeatureComposition >> validateComposition: features
features do:
[: feature |
feature getChanges do:
[: change |
(change isIndependent
|| change allDependenciesSatisfied)
ifTrue: [successful add: change]
ifFalse :

[
]

self depthFirstStrategy: change

]
]

"List with: successful with: error with: warning

Listing 4.7: Improved Algorithm to compose features

the feature is flexible or monolithic.

Before the developer starts writing the code of a feature, he switches on the recording
tool of ChEOPS and specifies the name and type of the feature he is about to implement.
Doing so, the changes produced during that session will all belong to that feature. After
implementing a set of features with this technique, the developer is able to define a software
composition that consist of a subset of those features. By invoking our algorithm to that
composition the software variant that represents that composition can be created. The re-
sult of the algorithm can be a valid composition as shown in Figure 4.7, where the changes
of each feature are in different colors. In that case, all changes that belong to the feature
composition is returned in the order in which they need to be applied. The algorithm can
also return a wvalid composition in which some changes highlighted in gray color (depicted
by Figure 4.8). In that case, some changes are omitted from the successful list since some
of them belong to a flexible feature and their dependencies were not completely satisfied.
An invalid composition is shown in Figure 4.9. Here, the changes that have unsatisfied
dependencies are colored in black.

Our tool also provides a graphical view which depicts the composition of features, show-
ing changes of each feature in a different color. Note that in Figures 4.7 and 4.8, changes
that belong to the flexible feature Logging are displayed as squares while the changes that
belong to monolithic features are displayed as circles.

In the case of an invalid composition or a valid one that omits some changes by means
of flexible features, the algorithm provides the developer with the exact set of changes that
were omitted and what changes lead to the errors. With this information, the developer
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FeatureComposition >> depthFirstStrategy: aChange
aChange changesOnWhichIDepend do:[: parent |
(successful includes: parent)

ifFalse :|
(parent feature = aChange feature)
ifTrue:|
parent isIndependent
ifTrue:|
successful add: parent]
ifFalse : |
depthFirstStrategy: parent]
]
ifFalse :|
aChange feature = #Flexible
ifTrue:
[warning add: aChange]
ifFalse:
[error add: aChange]

]
]
successful includesAll:
(aChange changesOnWhichIDepend)
ifTrue: [successful add: aChange].
error size > 0
ifTrue: [warning removeAll]

Listing 4.8: Improved depthFirstStrategy method to manage flexible features
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Figure 4.7: Valid composition of Base, Restore, Logging and Multiple Restore
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Figure 4.9: Invalid composition of features Base and Multiple Restore

can take the appropriate action to fix the problem (e.g. modify the composition, modify a
feature implementation, etc.).

4.7 Requirements revisited

Table 4.1 presents the requirements that motivate our model and shows how our model
satisfies all of them. Our approach provides mechanics to add, modify and delete software
entities such as classes, methods, invocations, etc. By doing so, we tackle the issue of fine-
grained granularity and allow all change operations: add, modify and delete. Moreover,
we model features with changes that store their dependencies in an explicit way. By doing
so, we have all the information needed to do dependency management. We provide a tool
that allows the construction of features and their composition, which in case of invalid
compositions warns the developer and presents information that can help the programmer
to fix the problem. Finally, we introduce flexible features to model features that implement
crosscutting functionalities. Flezible features can be reused in many compositions without
any intervention. Next to that, our tool also supports:

e The encapsulating of operations performed in the IDE when writing source code as
first-class change objects (via ChEOPS).

e The inspection of the change objects of a composition in the graphical view (via
Mondrian). That might help to debug an invalid composition.
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Granularity Class, method, field, statement (access, invocation)
Allowed operations Addition, modification and deletion

Dependency management Changes store explicit dependencies

Customized deployment Yes. Flexible features.

Feature-specific language support | Yes. ChEOPS and feature composition graphs.

Table 4.1: Requirements revisited

4.8 Conclusions

In this chapter, we presented a new model to address Feature-oriented programming. It
uses changes as first-class entities for describing features. FExploiting the properties of
first-class entities, our model is able to manipulate changes, passing them as arguments to
methods and storing information about their dependencies into them.

We introduced a new concept that we call flexible features. In contrast to a monolithic
feature, not all change objects of a flexible feature have to be applied when the feature is
added to a composition. Using this concept, many compositions turn out valid that could
not be composed before. The specification that a feature is flexible depends on the domain
and has to be done by the developer.

Even though flezible features provide means to exploit a feature property by increasing
its reuse, they could introduce unexpected behavior. If some of the features on which
it depend is in the composition, the result will be a valid composition but the resulting
application will actually not provide the functionality that is implemented in the flexible
feature. It is up to the developer to decide whether a feature will behave correctly as a
flexible feature.

As a technical contribution we provided a means to do FOP using VisualWorks for
Smalltalk. However, the main goal of this implementation is to be a proof-of-concept tool
with which we can validate our ideas: the algorithm to traverse the dependency graph of
a composition, the graphical view that visualizes the composition and the ability to debug
a composition by inspecting the changes.



Chapter 5

Evaluation

In this chapter, we evaluate our model by implementing FOText: a Feature-oriented im-
plementation of a word processor. We expect that our model and tools fulfill:

1. Granularity: We expect that our model is capable of holding a granularity at the
statement level. By that, it should be able to capture accesses to instance variables
and method invocations.

2. Allowed operations: Our model must provide not only additions and modifications
but also deletions of program entities.

3. Dependency management: Our model should manage the dependencies between
changes and hence between features in an explicit way.

4. Customized feature deployment: Our model should increase the reuse of features by
means of flexible features.

5. Feature-specific language support: Our tools should be useful when developing soft-
ware in a Feature-oriented way.

5.1 FOText design

The FOText application provides a graphical interface in which the user types and edits
texts. It also provides a menu—Ilaunched by the right button of the mouse—that allows
users to invoke editing functions that are provided by FOText. FOText adheres to the
Model-View-Controller design pattern [18].

We first define the list of all different features that FOText will provide. The result of
this process is presented in the FODA diagram of Figure 5.1. Features such as: New, Open,
Save, SaveAs, Print, Copy-Cut-Paste, Find, SelectAll are self explaining. The Help
feature provides a pop-up window that presents information about the application. The

o7
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FOText
File Print  Help Compress Status_Title Edit
Open
Quit Save Find
New SaveAs SelectAll  Copy-Cut-Paste

Rationale

Compositionfule The Compress is useful for low

Paste requires COPY, Cut resource environments. It would be
composed with the Open or Save

Open requires Save, SaveAs features.

The Status_Tile feature would be
composed with the Open, Save or
New features.

Figure 5.1: FODA of FOText
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Figure 5.2: Class Diagram of FOText

Compress feature provides capabilities to use FOText under limited disk space availability.
It adds the ability to compress the text files before they are saved, and decompresses them
before they are opened. The Status Title feature displays in the title bar of the FOText
window, the name of the file that is opened (each time a file is opened), and the name of
the file that is being saved when that is the case. It also clears the window title bar when
the user starts a new file.

The UML model in Figure 5.2 shows a class diagram with the classes that implement
the functionalities provided by FOText. The diagram presents a main class called Editor.
It has a method execute that creates an instance of the ApplicationWindow class. It
provides the window to display and manipulate the text. The execute method also cre-
ates an instance of the class TextEditorView which is linked with an instance of the class
EditorController. The instance of TextEditorView is linked to a KeyboardProcessor,
to capture the events produced by the keyboard and is linked to the instance of the
ApplicationWindow to embed the text area into the window. Based on this model,
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our implementation provides a window with the capabilities to react to mouse and key-
board events. The EditorController class inherits from TextEditorController. It
adds several functionalities such as: to provide a method menu to create the menu, which
is how the user will lunch the FOText features, and to provide methods that imple-
ment the features provided by FOText. Note that ApplicationWindow, TextEditorView,
TextEditorController and KeyboardProcessor are native Smalltalk classes, while Editor
and EditorController are the classes that we introduce.

We use the ChEOPS tool [14] to capture the changes as first-class entities. Before
implementing each feature (or the base program) we call the method: toggleLoggingOn:
‘leonel’ for: ‘feature name’ type:#feature_type on the ChangelLogger. In this in-
vocation feature name is a string with the name of the feature and #feature_type is
a symbol that can be flezible or monolithic. Our tool logs changes as first-class entities
that are instrumented with dependencies and tagged with a reference to the feature they
implement. Doing so, the tool manage dependencies in an explicit way. This property
allows us to manipulate changes with freedom and verify whether or not a change can be
applied, just taking into account its dependencies.

5.2 FOText implementation

FOText is implemented in an incremental way. First the base program Base is imple-
mented. It provides the window and some resources that will be used by the other features.
Figure 5.4 shows the result of this implementation. A basic word processor that provides
a window to type text and a menu with two features: New and Quit. To this base program
we add the implementation of features one by one: SaveAs, Save, Open, Copy-Cut-Paste,
Find, SelectAll, Print, Help, Status in Title and Compress. Most of those features
affect the menu of the FOText application by adding a new functionality that the user
can execute. Figures 5.5 and 5.6 show the increment of functionality by displaying pic-
tures of the FOText’s menu after each feature is implemented. While the Base feature
consists only of additions, the rest of the features also introduce modifications (e.g. the
Open feature modifies the menu introduced by the Base feature) and deletions (e.g. the
Compress feature deletes several statements and introduce new ones). We observe that our
tool allows operations such as: additions, modifications and deletions, and set the gran-
ularity level at classes, methods, instance variable and statements as depicted in Figure 5.3.

We do not provide pictures of the menu after the addition of features Compress and
Status Title because they do not impact the menu, but rather add a behavior to the
application that is only perceived while it is used.

Note that we only implement FOText in the VisualWorks for Smalltalk IDE as a way
to capture the changes. Once the changes are represented by first-class objects, we are
able to use them to compose features and produce a family of program variations. Table
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2 Add new class "Smalltalk Editor” to package "FOText”
- Add InheritanceDefinitions
Add new empty instance method "initialize” to class "Editor”
Add new empty class method "new"” to class "Editor”
Add new empty class method "new” to class "Editor”
Add new empty class method "applicationfame” to class "Editor”
Add new empty class method "applicationMame: anObject” to class "Editor”
Add new parameter to behavioural entity "applicationiMame: anObject” »> anObject

Add new empty instance method "execute” to class "Editor”
g+ Add new class "Smalltalk EditorController” to package "FOText"

-4 Remove empty class method "new” from class "Editor”
=+ Remove invocation from behavioral entity "Editor.new" == fsuper new initialize
4 Remave empty class method "new” from class "Editar”

Remave invocation from behavioral entity "Editor.new” == super new
= Remave invocation from behavioral entity "Editor.new” => *super new initialize
‘4 Remove empty class method "new” from class "Editor”

Figure 5.3: FOText: List of changes produced

& FOText (=Joed

Quit

Figure 5.4: FOText: base program

Add assignment to behavioral entity "Editor. applicationMame:" == write value of "anObject”
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Figure 5.5: Menu evolution: Base, SaveAs, Save, Open and Copy-Cut-Paste
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Figure 5.6: Menu evolution: Find, SelectAll, Print and Help

5.1 show some statistics about the number of changes and dependencies that are captured.
The number of changes has the same order than the number of dependencies which yields
that the order of time complexity of the algorithm that we propose to compose features
goes down at O(n) to n changes.

Feature Number of changes | Number of dependencies
Base 130 158
SaveAs 88 106
Save 65 74
Open 101 121
Copy_Cut_Paste 72 82
Find 86 98
SelectAll 89 102
Print 182 226
Help 137 154
Status_Title 159 193
Compress 151 147
Total 1260 1362

Table 5.1: Changes captured after the implementation
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Figure 5.7: Dependency graph of the Base feature

5.3 Feature Dependency

Figure 5.7 shows the dependency graph of the base feature. The nodes represent the
changes the base feature consists of and the edges represent the syntactic dependencies
between the changes. Observe that our model provides an explicit dependency management
between changes (and features).

5.4 Feature Composition

Once the changes are captured into features, our model allows to compose them and
advises us whether the composition is valid or not. Although the natural step is to apply
the changes producing the application that the composition specifies, our tool is not able
to do so, since it is based on ChEOPS which presents some issues to perform that action.
Nevertheless, our tool is able to provide information about the validity of composition. We
show three compositions that characterize the possible situations.

5.4.1 A valid composition

When we compose the features: Base, SaveAs, Save, Open, Copy_Cut Paste, Find, SelectAll,
Print, Help, Status_Title and Compress, our tool inform that this composition is valid
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Figure 5.8: A valid composition of all features implemented

and depicts the dependency graph that the changes yield. A screenshot of this view is
presented in Figure 5.8. This composition involves 11 features which are specified by 1260
changes. The time required to display the graphic of Figure 5.8 was 281873 milliseconds
(4.63 mins. aprox.) in a computer with 2GB of RAM and a processor Intel Centrino Duo
at 1.66GHZ. However, the most of that time was spent by the Mondrian tool in the layout
which in fact took 281690 milliseconds. Our algorithm that validate the composition only
took 183 milliseconds.

5.4.2 An invalid composition

The following composition involves Base and the Save feature. Figure 5.9 depicts the
result of this composition. It shows the changes that belong to feature Base in red and
the changes of the Save feature in green. The black nodes represent changes that are not
in the composition but they are required. Every composition that shows black nodes is an
invalid one.

By inspecting the black nodes of this composition, we found that there are changes from
feature Save that depend on changes of feature SavesAs which is not in this composition.
Our approach provides this graphical view as a tool support to advise the programmer
about the changes that make a composition invalid. Hence, we can conclude that our tool
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Figure 5.9: An invalid composition of features Base and Save
provides valuable support for developing in a Feature-oriented way.

5.4.3 Valid compositions by means of flexible features

Our approach provides flexible features which are deployed in a specific way depending on
the context. It means the flezible feature will provide a customized functionality depending
on the features that are present in a composition.

We compose an application with the Base, SaveAs and Compress features of which the
last one is flexible. It means that the changes of feature Compress may be omitted if they
would have unsatisfied dependencies. Figure 5.10 shows this composition, where changes
belonging to Base, SaveAs and Compress are respectively depicted as green circles, blue
circles and yellow boxes. Note that Figure 5.10 contains a gray node that belongs to the
Compress feature, but that will not be applied due to its dependency to a change that does
not reside in the composition (the gray circle).

In the following example we add the Compress feature to a viewer version of FOText
which is composed by the Base and Open features. The result of this composition is depicted
by Figure 5.11. changes of Base, Open and Compress are respectively depicted as green
circles, blue circles and yellow boxes. In this composition, some changes of the flexible
Compress feature are grayed out, meaning they will not be included in the composition.

A closer inspection of the gray entities of both figures learns us that different change ob-
jects are concerned: C259 in Figure 5.10 and C261, C258, C229 in Figure 5.11. This shows
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Figure 5.11: Valid composition of features Base, Open and Compress
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how our approach and tools automatically customize flexible features to make compositions
valid. It shows how this technique allows compositions that would not be permitted by
other FOP approaches, but which do make sense. Consequently, this shows how our model
allows a customized feature deployment, improving the reusability of features.

5.5 Conclusions

We evaluate our approach by declaring a set of requirements to which our approach ad-
heres. We showed our approach allows operations such as: additions, modifications and
deletions. We showed examples where such operations were captured on the level of classes,
methods, instance variables and statements. We use the ChEOPS tool, that set the granu-
larity level below the statement level. For instance, it is able to capture the addition of an
invocation—which happens inside a statement. In our approach changes are instrumented
with their dependencies in a explicit way. We use this property to allow to flexible fea-
tures to decide which changes can be omitted. Doing so, a feature can provide customized
functionality taking into account the feature present in the composition.

When composing the 11 features we realized that the graphic tool does not provide too
much information, since the number of changes that ChEOPS produce is huge. However,
our algorithm provides information to know whether the composition is valid, invalid or
can be valid avoiding some changes. We believe that setting the granularity of changes
at the level of statement would be better to handle changes with a graphical tool as we
provided.

We present two examples which demonstrate the power of deployment by means of
flexible features. We realized that to recognize when a feature can be specified as flexible
is not simple. We believed that flexible features are not an invention but a discovery. It is
a natural characteristic of some features, that now we recognize and exploit.

Although our tools provide a effective functionality to validate a composition and to
debug an invalid composition, we found that the time that requires the Mondrian tool to
display the graph with the composition would make it not scalable. Hence, we believe that
improving the efficiency of Mondrian can be improved the usability of our tools.

The work presented in this chapter shows that our model can be applied successfully in
a Feature-oriented development. Once changes are captured, our model is able to provide
information about the feasibility of compositions and advise in case a composition turns
out invalid.
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Conclusions

6.1

Conclusions

Several models have been proposed to address software variations. In order to implement
an extra functionality to the variations of a program, we can implement the solution
directly into the code which requires to reproduce an adaptation for all variations of the
program. This solution hinders reusability and suffers from a combinatorial explosion
[29]. An approach that tackles these problems is Feature-oriented programming (FOP). It
addresses software development by modularizing a system in a base program which can be
extended with any number of feature modules to form new software variations. However,
sometimes a feature requires other features to produce a valid composition. In order to
increase the reusability of features we identify five criteria to which FOP approaches should
adhere:

1.

Granularity. The kind of entities the FOP approach can handle should be as fine-
grained as possible. This allows a very detailed specification of features.

. Allowed operations. We want a FOP approach to allow the specification of the addi-

tion, modification and deletion of building blocks. We believe that providing these
operations increases the expressivity of the FOP approach.

Dependency management. The approach should provide features with information
about the dependencies they have. Doing so, a composition can be validated and
support can be provided to fix an invalid compositions.

Customized feature deployment. The approach should allow to express crosscutting
functionality as one feature module, that can be added to any composition, even if
some of the features it depends on do not reside in the composition. This would
increase the reusability of features, as a feature only needs to be created once and
can than be composed with any variation of the program without having to adapt it.

Feature-Specific language support. The approach should provide tools to support
Feature-oriented programming. Consequently, we expect support in validating fea-
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ture composition and advise on what actions to take to make an invalid composition
valid.

FOP has been addressed by many approaches. We study these approaches to check
whether they satisfy the above-mentioned criteria. We acknowledge that all approaches
struggle producing expressive means to describe the changes required to produce features,
but any of them accomplished that task completely. Although, some approaches are aware
about the dependencies between features, they do not provide means to make these de-
pendencies explicit. Although, they allow operations such as addition and modification,
they do not provide means to express deletion. Finally they do not provide means to reuse
features when some feature dependencies are unsatisfied.

We propose changes modeled as first-class entities as a proper way to describe features.
By modeling changes as first-class entities, we can manipulate them freely, passing them
as method’s arguments or storing into them information such as their dependencies. There
are several approaches that used changes in other research domains. We evaluated their
models to three criteria (allowed operations, granularity and dependency management), in
order to choose an appropriate one. We found that there are approaches that successfully
applied changes as first-class entities in the research domain of software evolution, provid-
ing them with explicit dependencies, allowing operations such as additions, modifications
and deletions. This analysis reinforces our assumption that first-class changes are an ap-
propriate building block of features. We choose the model of COSE [14] as a base for our
change-based model for FOP.

We present a model that uses changes as first-class entities as the building blocks of
features. Changes are instrumented with explicit dependencies which allow us to validate
a composition and advise when a composition is invalid. We also present a new concept:
flexible features that serve to express crosscutting functionalities. When composing a flex-
1ble feature with other features its unsatisfied dependencies are avoided which increases its
reusability.

We provide a proof-of-concept implementation based on ChEOPS [14] to capture the
operations that the programmer does in the IDE when developing a program as first-class
changes. We implement a graphical tool based on Mondrian [28] to support the composi-
tion of features and advise the developer what action to take when a composition is not
valid. The tool also allows the developer to inspect which changes are turning the compo-
sition invalid.

We evaluate our model by developing a simple word processor called FOText. By
this implementation we check that our model and tools fulfill the requirements we listed
above. We show the operations that our model allow are additions, modifications and
deletions. We present some examples where features require these operations to describe
their functionality. We also show that our tools allow to express building blocks at the level
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of granularity of statements. We can even capture operations as method invocations and
variable accesses. In our model changes and features—since features are set of changes—
are provided with their dependencies. Those are used when composing features and allow
to advise the developer about what actions to take to make an invalid composition valid.
We show two examples where we used flezible features as an appropriate way to describe
crosscutting functionalities. This allows to features to provide a customized functionality
which increases the reusability of features. Our model provides tools do FOP working with
flexible features and to establish valid compositions.

6.2 Contributions

At the conceptual level, we introduce a model to do Feature-oriented programming by
means of first-class change objects. We provide an algorithm that traverses the graph
described by the changes and their dependencies, advising when a composition is valid,
invalid or it would be valid whether some changes are ignored. Besides, we introduce a new
concept: flexible features. We believe that flexible features are a proper way to implement
features that add a crosscutting functionality to a base program. By means of flexible fea-
tures a feature can be implemented once and deployed in any composition without having
to adapt it. This increases the reusability of features.

At the technical level, we provide tools that allow FOP in VisualWorks Smalltalk.
The tools are based on ChEOPS [14] which allows to capture the modifications that a
programmer performs when developing a software. Finally, we provide means to compose
features as sets of changes and advise when a composition is invalid. We provide a graphical
tool that uses Mondrian [28] to depict the graph of the changes and their dependencies,
coloring the changes depending on the feature on which they belong. It also allows to
inspect the changes which in the case of errors provides useful information to debug the
composition.

6.3 Limitations

We observe that at the conceptual level a flexible feature is an extensional implementation
of a functionality. It declares the intension of the programmer by specifying a concrete
set of building blocks. A flexible feature that specifies a crosscutting concern once imple-
mented, however, cannot introduce behavior to features implemented afterwards. Allowing
to specify features by intensions more than extensions would be a proper way to address
that issue.

The implementation that we provide to handle flexible features introduces a constraint.
It requires to provide the list of features to be composed in a incremental way. It means
that the dependencies of each feature in the list must be fulfilled by its predecessors.
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We made an evaluation that shows some drawbacks at the technical level of our tools.
When creating large applications, the amount of changes grows very high. That decreases
the usability of the graphical tool. Although the amount of changes growth in large appli-
cations, it can be manageable by providing filters to visualize the composition at different
levels of granularity.

The output of our composition tool is a list that specifies the order in which the changes
should be applied in order to produce the software system specified. Our tool, however, is
not able to apply the changes and produce the software code, since our tool are based on
ChEOPS which keep dependencies within changes to the objects that they refer. Conse-
quently, the changes turn obsolete in the absence of the objects.

The ChEOPS tool works as a recording machine that monitors the actions performed by
the developer. When a mistake is made there are two alternatives: to keep the mistake and
fix it carrying with the production of erroneous changes, or to stop ChEOPS of recording,
purge the changes produced by the mistake and make ChEOPS to log again. However,
any of these solutions seems to be appropriate.

6.4 Future Work

Flexible features are meant to increase the reusability of features. We found that they are
a proper concept to specify crosscutting concerns. Once a flexible feature is implemented,
however, the features that are implemented afterwards cannot be reached by the flexible
feature. We can address this situation by allowing to specify flexible features by intensions
more than extension.

Implementing large applications the number of changes grows high making our graphi-
cal tool less manageable. Providing the graphical view with filters that would allow to hide
some changes based on a criteria—such us “filter all changes created after 01/01/1970”—
would increase the usability of the tool for large-scale applications. Another filtering mech-
anism could display the composition at different levels of granularity. In such a way that
the tool would show the macro changes at class level or at statement level. Filters would
provide a customized view depending on the level of information that a developer wants.

The ChEOPS tool allows to capture the changes as first-class entities that are produced
when a programmer is writing software. This allows us to manipulate these changes, to
produce the compositions and to advise about invalid compositions. Even though the nat-
ural step in this process is to deploy this resulting list of changes that represent a software
into a program code, we are not able to do that since our tool is based on ChEOPS on
which changes maintain references with the software entity that was produced when cap-
turing the change. For instance, whether a class is being added the change that captures
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its creation has a reference to the created class. Hence, when the class is not present the
change as a broken reference and cannot be applied. Although it is a technical issue that
would be overcome without much effort and it is proposed as future work.

In our implementation the list of features to be composed require to be specified in such
a way that the dependencies of a feature are satisfied by its predecessors features. A track
of future work would be to release that constraint of our implementation improving our
algorithm that traverses the dependency graph of changes, allowing to specify the features
in an set without any specific order.

Since the recognition of a flexible feature must be done by the programmer, a charac-
terization would make this task more reliable. We believe that a full characterization of
flexible features is required to exploit it more. However, we realized that flexible features
is a proper concept to manage features that implement crosscutting functionalities.
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O FOText is a word processor that requires to be
improved with a functionality to compress the
files it produce. www

O FOText has

two variations:

mE<)

B FOText viewer

the
roduca variations by composing diferent sats cf features,

B FOText full . .

aspeci ‘and thus produce software. Tis.

hnique th ploy 2 specific
way dapending

FOP requirements

We identify the following requirements:

O The compress feature requires adding new
statements and deleting existing ones in the
open and save functionalities.

O Although we have two variations of FOText
we would like to create the compress feature
just once and reuse it.

We pursue an approach that fulfills these criteria

Agenda

O Software Variability
O Requirements

O Related work

O Discussion

O Our FOP model

O Demo

0 Future work

O Conclusions

Approach

O Ad-hoc: add the code needed directly

into the application.
O Solution tightly coupled

X

O Feature-oriented programming:
create a feature that adds this
functionality to the FOText base

program.
O Features can be reused

AHEAD *

O AHEAD addresses FOP by providing: step-
wise development, generative programming

an d a Ig e b IAsS. class EditorController {
Menu menu() {
retutn new Array( ‘new’, ‘quit);
}
void new() {window.title =*;}

class Editor{

String applicationName = *;
void execute(){
window = new Window( new
EditorController);
}
}

refines class EditorController {
String theFileName = “*;
Menu menu(){
return new Array( ‘new’, ‘open’, ‘quit’);
}
void new() {
theFileName =null;
super new();

void open(){
theFileName = new Dialog(‘Enter the
filename™);
‘window title = theFileName;
‘window body = open( theFileName);
}
}

(a) Base

(c)Open

* D. Batory, J. Sarvela, and A. Rauschmayer. Scaling stepwise refine-

ment, 2003.




Lifting functions *

O This model allows flexible composition of
objects from a set of features.

-
O Lifting functions

resolve the dF_LF 2)F 1,F 3 4F 2F 34F 2 F afF1 F 4

interactions
F_1 F_% ‘ F_1,,]

between features.
* Christian Prehofer. Feature-Oriented Programming: A Fresh Look at
Objects. Lecture Notes in Computer Science, 1241:419{434, 1997.

A change based solution for FOP

O Change: any operation produced by the
programmer in the code.

O Feature as a set of first-class change objects.

O Changes are captured from the IDE using the
ChEOPS tool.

O Explicitly stored dependencies between changes

O We aim at feature reuse

Demo

Discussion
|
AHEAD Lifting FeatureC++ |Mixin-layers
Functions
Operations |Addition and |Addition Additions and|Additions and
allowed modification * modifications |modifications

Granularity |Method, field |Statement Method, field |Statement
and statement and
* statement *

Feature No No No No
reuse

Dependency |Implicit Implicit Implicit Implicit
management

class Buffer{
int buf = 0;
int back = 0;

void ge_t(){
Ir% lI}IQI;bUf;
i}nt set( int x ){

logit();
bagcko= buf;
buf = x;

FOP model

w0 B

-

Weh W RN

-

el

[0}

0

pall

o

=

o
e I
R e e

¥
2 voidlrestore(){
1.5 ogit();
1.2 , but Qback;
1 void logit(){
% printg buf );

1
2 print( back );

Future work

O Develop a characterization for flexible
features

O Not only allowing addition and deletion but
modifications would decrease the number
of changes.

O In ChEOPS the changes cannot be exported
or applied*




Conclusion

Thanks !

O Programming languages do not
provide enough tools to do FOP.

0 We propose:

B A conceptual model where features are
described by changes and dependencies
are explicit. Moreover, we introduce
flexible features.

B Tool support to compose features.
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Software variation by means of first-class
change objects

Peter Ebraert, Leonel Merino, Theo D’Hondt
Programming Technology Lab, Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussel, Belgium.

Abstract—A growing trend in software construction advocates the encapsulation of software building blocks as features which better
match the specification of requirements. As a result, programmers find it easier to design and compose different variations of their
systems. Feature-oriented programming (FOP) is the research domain that targets this trend. We argue that the state-of-the-art
techniques for FOP have shortcomings because they specify a feature as a set of building blocks rather than a transition that has
to be applied on a software system in order to add that feature’s functionality to the system. We propose to specify features as sets of
first-class change objects which can add, modify or delete building blocks to or from a software system. We present ChEOPS, a proof-
of-concept implementation of this approach and use it to show how our approach contributes to FOP on three levels: expressiveness,

composition verification and bottom-up development.

1 SOFTWARE PRODUCT LINING

USTOMERS are becoming more and more demand-
C ing and cost-conscious. They want specific products
that exactly cope with their needs at the lowest cost
possible. From the producers point of view, these two
requirements are usually conflicting. The development of
a specific product for every client takes a lot of time and
will consequently be more expensive. The development
of a more generic product is cheaper but usually does
not exactly cope with the specific needs of the customer.

In order to find the good balance of both requirements,
producers tend to use a business strategy called product
lining: offering for sale several related products of var-
ious sizes, types, colors, qualities or prices. The more
variations the product line offers, the more specific and
expensive its products tend to get. The fewer variations
the product line contains, the cheaper and less specific
its products become. Adopting this business strategy, the
producer’s goal boils down to cover the entire scope of
the product line, at the lowest possible production cost.

Software companies are the producers of either pure
software products or products with an important soft-
ware component (embedded systems). Driven by con-
sumer’s demand, they are also forced to increase vari-
ability of their products. Over the last decade, the man-
agement of this variability has become a major bottle-
neck in the development, maintenance and evolution of
software products. Next to that, many companies do not
even reach the desired level of variability or fail to do
so in a cost efficient manner. An explanation of this can
be found in the development approaches used by those

o E-mail: {pebraert},{Imerinod} {tjdhondt}@vub.ac.be

Research funded by a doctoral scholarship of the Institute for the Promotion
of Innovation through Science and Technology in Flanders (IWT Vlaanderen)
and by the Varibru research project initiated in the framework of the Brussels
Impulse Programme for ICT supported by the Brussels Capital Region.

companies.

A fundamental problem with many current develop-
ment approaches is that they view systems from the per-
spective of producers, rather than consumers. Producers
tend to specify their systems in terms of software building
blocks while the consumers tend to specify requirements
primarily in terms of features. This mismatch complicates
variability, since there is no direct mapping between
a composition of features and the software building
blocks that implement that composition. Recent research
in software construction increasingly reflects a common
theme: the need to realign modules around features
rather than software building blocks [1].

Feature-oriented programming (FOP) is the study of
feature modularity, where features are raised to first-
class entities [2]. In FOP, features are basic building
blocks, which satisfy intuitive user-formulated require-
ments on the software system. A software product is
built by composing features. Many case studies show
that FOP is an appropriate technique to cope with the
problems stated above ( e.g. [3], [4], [5], [6] ).

The following section briefly explains FOP, the state-
of-the-art approaches to FOP and their limitations. Sec-
tion 3 proposes an alternative way to specify features
and shows how this overcomes the limitations that are
pointed out in Section 2. Section 4 shows the advantages
of specifying features with first-class changes. Conclu-
sions and future work are pointed out in Section 5.

2 FEATURE-ORIENTED PROGRAMMING

Pioneering work on software modularity was made
in the 70’s by Parnas [7] and Dijkstra [8]. Both have
proposed the principle of separation of concerns that
suggests to separate each concern of a software system
in a separate modular unit. According to these papers,
this leads to maintainable, comprehensible software that
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can easily be reused, configured and extended. FOP is
an implementation of that idea and modularises every
concern as a separate feature.

Aspect-oriented programming (AOP) [9] is another
implementation of that idea. Aspects focus on the quan-
tification — by specifying predicates that identify join
points at which to insert code, feature implementations
are actually much closer to framework designs. That is,
to add a feature to a framework, there are predefined
building blocks that are to be extended or modified.
In such designs, there is little or no quantification, but
there are indeed “cross-cuts” [10]. Mixin Layers [11],
AHEAD [10], FeatureC++ [12], Composition Filters [13] and
Delegation Layers [14] are all state-of-the-art approaches
to FOP that implement features by cross-cuts that are
modifications or extensions to multiple software building
blocks.

The problem that we see with all approaches to FOP,
is that they all specify a feature by a set of building
blocks, rather than by a program transition that modifies
a program is such a way that the functionality — that that
feature implements — is added. In [10], Batory already
pointed out that a feature can be looked at as a function
that is applicable on a base (a set of program building
blocks). The application of a feature on a base yields
that the base is extended or modified with the building
blocks specified by that feature. From that point of view,
a software composition is a sequence of applied features
to one base. AHEAD [10] is an algebra that formalises
how features can be composed as functions.

We strongly agree with that vision, but find that
features should not be limited to extend or modify
existing programs. In some situations, a feature should
also be able to remove building blocks from a pro-
gram. Examples of such cases include anti-features (a
functionality that a developer will charge users to not
include !, the creation of a demo-application (which
consists of all features, but only to a certain extent), or
the customisation of certain features so that the software
system copes with specific hardware requirements (e.g.
limited memory or computation power).

3 CHANGE AS FIRST-CLASS OBJECTS

Together with us, other researchers pointed out the use
of encapsulating change as first-class entities. In [15]
Robbes shows that the information from the change
objects provides a lot more information about the evolution
of a software system than the central code repositories.
In [16] Denker shows that first-class changes can be
used to define a scope for dynamic execution and that
they can consequently be used to adapt running software
systems. In this section, we first explain a model of first-
class changes and then show how these changes can be
used to do feature-oriented programming.

1. An anti-feature example can be found in the camera industry.
While it is more difficult for producers to make a camera that outputs
JPEG than a camera that outputs RAW, they charge more for a camera
that can output RAW than an identical one that can output JPEG.

3.1 Model of changes

We use the FAMIX model [17] to express the building
blocks of a software system. We chose FAMIX since
it provides a generic model to wich most class-based
programming languages (e.g. Java, C++, Ada, Smalltalk)
adhere. Figure 1 shows that the core of the FAMIX model
consists of Classes, Methods, Attributes and relations
between them.

superciass

belongsToClass

KA

InheritanceDefinition

/

candidates accessedin, ?

Invocation Access

Fig. 1. Famix - Core Model

invokedBy /\"l Method ‘ | Attribute ‘

accesses

The model of changes expresses the different kinds of
change operations that can be applied on those building
blocks. The UML class diagram of the model’s core
is presented in Figure 2. The building blocks that are
specified by the FAMIX model (FamixObject) form
the Subject of an Atomic Change. We identify three
possible commands on those subjects: the addition, the
removal and the modification of the building block. We
model those commands with the classes Add, Remove
and Modify respectively. A Composite Change is
composed of Changes (which can in their turn be of any
change kind). An elaborated discussion about atomic
and composite changes is is omitted because it does not
resides in the scope of this paper.

[ o
Change nWhichIDepend
timeStamp
isApplied
intent
user
apply
undo affectingChanges

parent f] R

Composite Atomic
Change Change changeSubject

apply apply
undo undo

composites

dependentChanges

Subject

add
remove
modify

FamixObject
sourceAnchor
commentsAt

Add Modify Remove

apply apply apply
undo undo undo

Fig. 2. ChEOPS - Core Model

The figure shows a dependency relation between the
change objects, that is explained deeper in the follow-
ing section. Note that, thanks to the granularity of the
FAMIX model, our model allows the specification of
changes on the level of granularity of invocations and
accesses (below method level). For more information
about the model of changes, we refer to [18].
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3.2 Change-oriented programming

In [19] and [20] we propose change-oriented program-
ming (ChOP): an approach that centralises change as
the main development entity. Some examples of devel-
oping code in a change-oriented way can be found in
most interactive development environments (IDE): the
creation of a class though interactive dialogs or the
modification of the code by means of an automated
refactoring. ChOP goes further than that, however, as it
requires all building blocks to be created, modified and
deleted in a change-oriented way (e.g. adding a method
to a class, removing a statement from a method, etc).
Change- and evolution-oriented programming sup-
port (ChEOPS) is an IDE plugin for VisualWorks, which
we created as a proof-of-concept implementation of
ChOP. ChEOPS implements the model of changes that
was described above and does not fall back on Change-
List [21] — a change management tool included in most
Smalltalk IDEs. Reasons for this are elaborated on in [19].
ChEOPS fully supports change-oriented programming
but also has the capability of logging developers produc-
ing code in the standard OO way. For that, ChEOPS in-
struments the IDE with hooks and uses them to produce
fine-grained first-class change objects that represent the
actions taken by the developer. Those objects can later
be grouped into a change set that specifies a transition
which might be applied to a base in order to extend the
base with the feature expressed by that change set.

Fig. 3. Buffer: (left) source code (right) change objects

Figure 3 shows the source code (on the left) and the
changes (on the right) of a Buffer. The change objects
are identified by a unique number: B1 is a change that
adds a class Buffer, B1.2.1 is a change that adds an
access of the instance variable buf. The dependencies
between change objects are also maintained by ChEOPS:
B1.2.1 depends on the change that adds the method to
which buf is added (B1.2) and on the change that adds
the instance variable that it accesses (B1.1).

We distinguish between two kinds of dependencies:
syntactic dependencies — imposed by the meta-model of
the used programming language (FAMIX) and exempli-
fied above — and semantic dependencies — that depend on
domain knowledge. ChEOPS supports the former in an
automatic way and the latter by allowing the grouping
of change objects in sets that represent features — denoted
by the rounded squares surrounding change objects.
Grouping changes in ChEOPS can be done in an ad-hoc
way after making the changes, or up-front by letting the

IDE know that all changes in the coming session will
implement one feature. The latter seems better as it is
less tedious, but requires a developer to cleanly split the
development in separate sessions that each implement
one feature.

buf=0

back = 0;
nt get() {

() “Jﬁ)é{ué)‘; (1)

Q; eturn( buf );

et ingx) {

O Ulliogm() @

void logit() { r -
prlnt(ba,ckz 1
print(buf); |
.«om restor l o
logit();
) SO0

Fig. 4. Buffer, Restore, Log features: (left) source code
(right) change objects

O,lun_u fer JO

Figure 4 shows two extra features: Restore allows the
buffer to restore its previous value, Logging makes sure
that all methods of the buffer are logged when executed.
Notice the dashed line surrounding Logging’s changes:
It not only denotes that these changes implement the
Logging feature, but also that Logging is a flexible
feature. The difference between flexible (dashed lines)
and monolithic features (full lines) is that the latter can
only be applied as a whole, while the former can be ap-
plied partially. ChEOPS uses this semantic information
to verify whether a feature composition is valid and to
support the developer in resolving composition conflicts.
The next section elaborates on how ChEOPS does this.

4 ADVANTAGES FOR SOFTWARE VARIATION

We see three advantages in the specification of features in
terms of fine-grained first-class change objects: increased
expressiveness, improved composability and a novel bottom-
up approach to FOP.

In comparison with state-of-the-art approaches to FOP,
which allow the specification of features as a set of
program building blocks that might extend or modify
existing building blocks, our approach allows a more ex-
pressive feature specification. Features do not only express
the building blocks that implement a feature, but also
how that feature can be added to a composition. Next
to that, features can express changes below statement
level, which is more fine-grained than the state-of-the-
art. Finally, features can include the deletion of building
blocks, which is not supported by the state-of-the-art.

The dependencies between change objects provide the
fine-grained information that is required to verify whether
a certain feature composition is wvalid. In this model, a
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feature composition is valid if the union of the change
sets of the features in that composition does not contain
a change that has a dependency to a change object that
is not in the composition. In case we want to make a
composition of Buffer and Logging, L12 and L15
would form a problem as they respectively depend
on R1 and R2 which are not in the composition. The
semantic information stating that the Logging feature
is flexible, allows the exlusion of 1.12 and 115 from the
composition. This results in a valid composition {B1,
B11, B12, B13, B121, B131, L1, L11, L13, L14} that
specifies a buffer with a logging feature. In case the
Logging feature would not be flexible, the dependencies
could be used to tell the developer where the composi-
tion is failing (L12 and L15) and what actions could be
taken to resolve the conflict (add a feature that includes
changes R1 and R2).

The final advantage of specifying features by change
objects is that it enables a methodology for a bottom-
up approach to FOP. Instead of having to specify a
complete design of a feature-oriented application before
implementing it (top-down), our approach allows the
development of such an application in an incremental
way. Some state-of-the-art approaches also provide an
implementation of this bottom-up approach. In [22], Liu
shows that the ATS can be used to do so by manually
annotating all building blocks with information that
denotes the feature that building block belongs to. That
is a tedious task in comparison to our approach.

5 CONCLUSIONS

In this paper, we advocate feature-oriented program-
ming (FOP) as the right development technique for
software companies to provide variation in their soft-
ware products for satisfying the demand of customers
who are becoming more and more demanding and cost-
conscious. We find the state-of-the-art approaches to
FOP not satisfactory and present an alternative approach
based on the specification of features by sets of change
objects rather than program building blocks. Features are
functions that can be applied to add the functionality
they implement.

We present a model of first-class changes which can
add, modify or delete building blocks to or from a
software system. We propose to specify features in terms
of those first-class changes. This increases the expres-
siveness of features as they can specify adaptations to
fine-grained building blocks (classes, methods, attributes
and statements). The dependencies between the change
objects provide the necessary fine-grained information
to validate feature compositions. Finally, this way of
specifying features allows a bottom-up approach to do
FOP.
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