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Abstract

Software product lines (SPLs) are a set of similar software products that are developed in a coor-

dinated manner, sharing commonalities. Software product line engineering (SPLE) aims to better

manage SPLs through the use of both source code artifacts and a variability model (VM) that

describes legal configurations of the source code artifacts. Current approaches lack support for

recommending, structuring, and evolving features in SPLE, requiring manual intervention that can

result in the introduction of severe inconsistencies and flaws.

We propose two approaches to address these issues: (1) a recommendation system for software

engineering (RSSE), called FFRE, to support the extraction, maintenance, and categorization of

VMs; and (2) an approach for change impact analysis that assists in identifying the prone artifacts

in SPLs, identifying dependencies through analysis of code artifacts, variability model, and source

code history.

We evaluate our approaches through five studies. (1) We evaluate FFRE qualitatively from four

SRS documents and compare it against other tools and approaches. (2) We study the unanticipated

evolution of a software product family, implemented both as separate products and in delta-oriented

programming (DOP), comparing the ease of change within the two versions through quantitative

measurements and qualitative observations. (3) We compare six different configurations of our

CIA approach (reified in the tool CIAHelper) and one based on an existing tool by performing

seven case studies on three different SPLs developed using DOP. (4) We evaluate CIAHelper in

supporting semi-automated RTE such that the initial set of changes could either occur in the model

or in the code artifacts. (5) We conduct a controlled experiment where software developers were

given change requests to estimate using either CIAHelper or a manual approach.

By providing SPL developers and practitioners with semi-automated support to identify, struc-

ture, and evolve features, we can provide better understanding of the implications of proposed

changes that affect features’ evolution in SPLs.
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Chapter 1

Introduction

Software systems are designed to be long lasting; however, they need to evolve over time to adapt

to changes in users’ requirements; this is known as software evolution. Software evolution is

complicated by the fact that different stakeholders have different requirements for a given software

system, and those requirements may conflict. Therefore, to avoid disappointing some of their

stakeholders, software product lines (SPLs) can be utilized as they provide a supposedly effective

and efficient way to manage multiple products that share commonalities compared to managing

them separately. Software product line engineering (SPLE) is a solution that manages variabilities

in an SPL, aiming to develop a family of software products in shorter time and with higher quality

[Pohl et al., 2005]. However, evolution in SPLE is more complicated than evolution in single

products, as it is hard to break down the features into commonalities and variabilities without

negatively impacting, or even worse, breaking the functionalities in the products in an SPL.

An SPL leverages a set of features that reflect the functionalities that are visible to its stake-

holders [Schulze et al., 2013]. SPLE is divided into two main processes, domain engineering (DE)

and application engineering (AE). DE is a process of developing artifacts that will be reused later

in the application engineering process [Pohl et al., 2005]. The main activity in the DE problem

space is domain analysis which targets modelling the variability based on provided domain knowl-

edge (including stakeholder requirements, requests, and their views on the final products). The DE

1



solution space is the actual implementation of the reusable artifacts (which includes their design,

coding, validation, and verification) [Apel et al., 2013], while AE uses the previously developed

artifacts during the DE process and deliver a final product to the end users. For the problem space

in AE, requirements analysis is one of the main activities, and it is responsible for the selection of

features to be included in the final product. Those selected features are integrated together during

the product derivation activity in the solution space of AE.

In this thesis, we address the general research question of what characteristics an SPL im-

plementation should have in order to support SPLE evolution. Note that extracting, managing,

and evolving features—from the perspective of either the requirements or the implementation—is

complicated in the following aspects: (1) manual techniques used for identifying and extracting

the features from the requirements document and adding them to the SPL are complex and error-

prone; (2) planning and executing feature changes in SPLs might affect all the products in the

product family; and (3) the absence of robust traceability links between the features and the code

artifacts makes it harder to keep the models and code artifacts synchronized. We define more

specific questions later in the thesis.

1.1 Features

A feature is used to define the functionalities that a system can perform, and within a product family

could consist of commonalities or variabilities. It is defined by the IEEE [2008] as a “distinguishing

characteristic of a system item, [including] both functional and non[-]functional attributes”. It

satisfies one or more requirements provided by the stakeholders.

Variability modelling (VM) is used to manage features in an SPL, consisting of two spaces: the

problem space and the solution space [Kang and Lee, 2013]. For the problem space, variabilities

reside in the goals/objectives, usage context, and quality attributes. However, in the solution space,

variabilities can be found in the capabilities, operating environment, and design features.

Different techniques, such as feature models (FMs) and decision models (DMs), can be used

2



to model variabilities [Kang and Lee, 2013]. FMs specify the different features that a family of

systems can have and the relationships between these features [Benavides et al., 2010; Apel et al.,

2013]. An FM can be represented in a hierarchical tree format which facilitates the decomposition

of features into more detailed ones as you move down the tree. It is efficient in showing valid

configurations selected from a set of related features. There are different feature types that can

exist in an FM: (1) mandatory features are the ones that must exist in the final product; (2) optional

features can be either included or excluded; (3) alternative (XOR) features cannot exist at the same

time in the same final product; and (4) ORed features can either all be included or just a subset of

them. The constraints among features in an FM could arise from other features’ relationships.

As the features and products grow over time, it becomes harder to manage the features’ evolu-

tion, from feature identification to implementation and integration with the SPL. To understand the

impact of a proposed change on an SPL, change impact analysis (CIA) can be utilized to identify

the artifacts prone to a change [Bohner, 1996]. In addition, it can be used to assist in round trip

engineering (RTE) where changes propagate back and forth from the models to code artifacts and

vice versa. CIA and RTE in SPLs are complicated by the presence of features that could exist in

multiple products; changing such a feature could affect multiple products, potentially resulting in

the introduction of severe inconsistencies and flaws.

1.2 Change impact analysis

Change impact analysis (CIA) is a common technique used to understand, predict, and control the

impact of a proposed change on a software system [Arnold, 1996]. Changes could affect other

places either directly or indirectly resulting in “ripple effects” wherein initial changes result in

additional, subsequent changes in the software system [Wilkerson, 2012]. It is defined by the

IEEE [2010] as the “identification of all system and software products that a change request affects

and development of an estimate of the resources needed to accomplish the change”. In SPLE,

changes can affect multiple features and products at the modelling level (FMs, DMs, etc.), within
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code artifacts (source code, test suites, etc.), or within documentation.

1.3 Round-trip engineering

For better management of the variabilities and commonalities within SPLs, variability models and

their underlying code need a robust mechanism for their synchronization. This concept has been

introduced before under the term round-trip engineering (RTE) [Raschke et al., 2014]. RTE refers

to the need to reflect changes carried out on one of the artifacts within another and vice versa. For

example, if changes are applied to a model, the underlying code is modified to reflect that change,

and vice versa.

1.4 Delta-oriented programming

Delta-oriented programming is a composition-based implementation approach [Schaefer et al.,

2010; Schaefer and Damiani, 2010; Winkelmann et al., 2016] that aims to maximize reuse and

minimize coupling between features. We studied and compared the composition-based techniques

together before deciding with moving forward with DOP because it is more flexible in adding

deltas that could contain instructions for adding, deleting or modifying classes, fields, or methods

better than the other approaches we studied (details about the comparison is discussed in more

details in Chapter 7). DOP takes as input an SPL file (representing the variability model) and one

or more deltas (representing the source code and edits thereon), as illustrated in the UML diagram

of Figure 1.1; the output is one or more generated products. Figure 1.2 shows a sample DOP

context, where the SPL file is on the left, deltas in the middle, and the generated products on the

right.

The SPL file is subdivided into five sections: Deltas, declaring one or more named deltas;

Features, declaring one or more named features; Constraints, specifying constraints on valid con-

figurations of features, e.g., features whose presence is mandatory or features that cannot co-exist
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Figure 1.1: UML structure diagram representing key entities and relationships for DOP. (Repeated
and detailed in Chapter 4.)

 

SPL VMS { 
    Features = { Coin, Cents, Parser } 
    Deltas = { dCoin, dParser, dCents, dCoin3 } 
    Constraints = { … } 
    Partitions = {  
        {dCoin} when {Coin}; 
        {dParser} when {Parser}; 
        {dCents, dCoin3} when {Cents}; 
    } 
    Products = { 
        Product1 = {Coin, Parser}; 
        Product3 = {Cents, Coin, Parser}; 
    } 
} 

SPL file 

delta dCoin { 
    adds { 
        public class Coin { 
            private int value; 
            public Coin(int value { … } 
            public int getValue() { …} 
        } 
    } 
}     

delta dParser { 
    adds { 
        public class Parser { 
            private void announceInsert 
                (int vmIndex, Coin coin) { … } 
            public final void insert() { … } 
        } 
    } 
} 

delta dCents { 
    adds { 
        public class Cents { 
            private int quantity; 
            public Cents(int quantity) { … } 
            public int getQuantity() { … } 
        } 
    } 
} 

delta dCoin3 { 
    modifies Coin { 
        removes value; 
        adds private Cents value; 
        removes Coin(int value); 
        adds public Coin(Cents value) { … } 
        removes getValue(); 
        adds public Cents getValue() { … } 
    } 
} 

Delta files 

Product1 

Product3 

<<generates>> 

<<generates>> 

delta dParser3 { 
    modifies Parser { 
        removes insert(); 
        adds public final void insert()  
            { … } 
} 

Generated 

Products 

Figure 1.2: A motivational DOP example. Many details are elided for simplicity.
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in a product; Partitions, specifying mappings from each feature to one or more deltas; and Prod-

ucts, both declaring named products and the features that are to be combined in generating each.

In addition to the declarations of deltas in the SPL file, each delta must be defined in a separate

delta file. The name of the file corresponds to the delta defined therein, which must also correspond

to a delta declaration in the SPL file. Each delta definition specifies an “edit” to make on one or

more classes, which can be to add a new class, to remove an existing class, or to modify the class

members within an existing class (i.e., add, modify, or remove them). Within the body of add-

edits resides normal Java source code that includes references to other classes and their members

(methods, fields, etc.).

1.5 Motivation

We present a simple scenario that illustrates the non-trivial problems—i.e., complexity and error-

proneness—that arise by attempting to manually perform feature extraction from requirements and

applying change impact analysis in an SPL implemented in DOP.

Consider the example SPL illustrated in Figure 1.2. This SPL supports several products related

to a vending machine simulator (VMS), although only two of these are illustrated here: Product1

and Product3. The SPL file for the VMS shows declarations for three features: Coin, Cents, and

Parser, which respectively deal with adding: basic support for coins; more specialized support for

coins that accounts fractions (i.e. quarters); and support for parsing scripted input used for testing.

Identifying the features and their relationships from the requirements for a small product line would

be manageable; however, dealing with more features will require some automated assistance to

identify, analyze, integrate, and maintain.

Moving forward with the implementation, the Coin feature consists of the dCoin delta; Cents

consists of both the dCents and dCoin3 deltas; and Parser consists of only the dParser delta. Two

products are declared: Product1 and Product3, consisting of the features Coin and Parser; and Cents,

Coin, and Parser, respectively. Three of the deltas—dCoin, dCents, and dParser—add one declara-
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tion each for new classes, Coin, Cents, and Parser, respectively; each of these contains declarations

for a field, a constructor, and a method. The other two deltas—dCoin3 and dParser3—modify the

existing classes Coin and Parser, respectively, by removing a subset of the member declarations

therein and adding new ones. For example, dCoin3 removes the method getValue() (which had been

added by dCoin, but as public int getValue()) and adds the method public Cents getValue().

Now imagine a software developer who receives a code change request regarding the VMS: the

values of coins are to be represented and manipulated as instances of BigDecimal (a standard Java

class for representing arbitrary-precision signed decimal numbers) instead of as ints (a primitive

Java type for representing signed integers), for Product1. Prior to implementing such a change,

the software developer embarks on a change impact analysis. She realizes that, conceptually,

Product3 does not depend on int to represent coin values, so the requested change should not

impact it. However, the implementation details do depend on it because the dCoin3 delta removes

the constructor Coin(int value) in which int must be explicitly mentioned. Failure to make this

secondary change would result in a broken SPL, in which dCoin3 specifies to remove a non-existent

constructor; this would silently lie in wait for a time when Product3 is to be regenerated, and the

developers responsible for so doing would have the added burden of diagnosing and repairing past

mistakes of other developers.

1.6 Thesis statement and contributions

The thesis of this dissertation is that, by providing SPL developers and practitioners with semi-

automated support to identify, structure, and evolve features, we can help them to better understand

proposed changes that affect the evolution of those features in SPLs.

The main contributions of this dissertation are:

1. an approach and prototype tool to assist in the extraction of features, their types, and the re-

lationships among them from requirements documents based on natural language processing

(NLP) techniques and heuristics.
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2. a study comparing the evolution of SPLs using the DOP approach versus separate prod-

ucts. We find that both versions have strengths and weaknesses: complexity and incomplete

support from DOP tools versus significant duplication and error-proneness in the separate

products.

3. a novel approach, and prototype tool (CIAHelper), for CIA in SPLE, through considering the

VM, the source code, and the source code history (as recorded in a version control system

like Git). We concluded that the approach works better than JRipples [Buckner et al., 2005]

in configurations combining dependencies from both the variability model and implementa-

tion, in terms of recall.

4. a study evaluating CIAHelper in supporting semi-automated RTE such that the initial set

of changes could either occur in the model or in the code artifacts. We concluded that

performing CIA at class granularity achieved higher results in terms of precision, and F-

score, while CIA at method granularity achieved higher recall than the other configurations

studied.

5. an experimental study examining the use of CIAHelper in performing CIA in DOP where

software developers were given change requests to estimate using CIAHelper versus the

manual approach. We concluded that precision, recall, and F-score slightly improved when

performing CIA by software developers by 3% for precision, and 6% for both recall and

F-score.

1.7 Thesis organization

The remainder of this dissertation is structured as follows.

Chapter 2 describes our approach for recommending features and feature relationships from

requirements documents.
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Chapter 3 describes a case study that we conducted to evaluate the relative strengths and weak-

nesses of approaches for software product lines, in the face of unanticipated evolution.

Chapter 4 describes our approach to support CIA and RTE in software product lines imple-

mented using delta-oriented programming.

Chapter 5 presents our evaluation of our approach for CIA using a case study.

Chapter 6 presents our evaluation for our approach using human subjects in a controlled exper-

iment.

Chapter 7 describes related work.

Chapter 8 discusses remaining issues.

Chapter 9 concludes the dissertation.

1.8 Notes on publications

Chapter 2 is a minor revision of the work published as “Recommending Features and Feature Re-

lationships from Requirements Documents for Software Product Lines” by Mostafa Hamza and

Robert J. Walker in the Proceedings of the 2015 IEEE/ACM 4th International Workshop on Realiz-

ing Artificial Intelligence Synergies in Software Engineering, 2014, DOI:10.1109/RAISE.2015.12.

Chapter 3 is a minor revision of the work published as “Unanticipated Evolution in Software

Product Lines versus Independent Products: A Case Study” by Mostafa Hamza, Robert J. Walker,

and Maged Elaasar in the Proceedings of the 5th International Workshop on Reverse Variability

Engineering, 2017, DOI:10.1145/3109729.3109739.

A portion of Chapter 4 plus Chapter 5 is a minor revision of the work published as “CIAHelper:

Towards Change Impact Analysis in Delta-Oriented Software Product Lines” by Mostafa Hamza,

Robert J. Walker, and Maged Elaasar in the Proceedings of the 22nd International Systems and

Software Product Line Conference, 2018, DOI:10.1145/3233027.3233036.

The remainder of Chapter 4 plus Chapter 6 will be submitted for publication in the near future.
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Chapter 2

Recommending Features and Feature

Relationships from Requirements

Documents for SPLs

In this chapter we address the problem of the continuous expansion of the features along with

their dependencies and relationships in variability models (VMs). The process of identifying and

extracting the features from the requirements document and adding them to the SPL is complex and

error-prone when done manually without assistance from a tool [Niu and Easterbrook, 2008]. We

present our approach and prototype tool, FFRE (Feature and Feature Relationship Extraction), that

assists in the extraction of features, their types (either mandatory or optional), and the relationships

among them from requirements documents based on natural language processing (NLP) techniques

and heuristics. The generated FM can then be used to implement the SPL. The research question

we will be addressing in this chapter is:

RQ1. How well does FFRE improve the extraction of the features, their types, and the

relationships among them from requirements documents?

As discussed in Chapter 1, feature models (FMs), one of the techniques used to model variabil-

ities, are represented in a hierarchical manner where each feature is assigned a type based on the
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domain and the context of the final product to be delivered. Inside an FM, the features could be

mandatory (must exist in the final product), optional (could be included or not), ORed (each one

of the ORed features could be included or not), or XORed (either of the XORed features could be

included but not both). Most FMs are a combination of all these types according to the selection of

features and how dependent they are on each other. Extraction of features from the requirements

document, and adding them to the FM are not simple tasks to perform manually and many errors

could easily be injected in the model. For example, Renault has 1,021 configurations for its Traffic

van product family alone [Mazo et al., 2014]; this is problematic when a feature is to be selected,

to be integrated in the FM, and to be maintained—in a manual fashion.

A way to overcome this problem is to develop a recommendation system for software engi-

neering (RSSE) [Robillard et al., 2014]. RSSEs are applications that aim to offer advice based

on a software engineering task in a certain context. They are important in the field of software

engineering because they help in making the right decisions related to different software engi-

neering tasks, starting from forming the teams and specifying the requirements through delivery

of the software to provide advice to subsequent projects. A few RSSEs have been developed to

provide recommendations in order to assist practitioners with selection and maintenance of FMs

based on the software requirements specification (SRS) documents. While other work exists that

delivers similar functionalities, these either are not RSSEs nor do they extract the features based

on the functionality of the system itself [Niu and Easterbrook, 2008; Alves et al., 2008; Itzik and

Reinhartz-Berger, 2014b].

FFRE uses natural language processing (NLP) techniques and heuristics to construct the FMs

from SRS documents for SPL-based systems. In order to evaluate our approach, we implemented

FFRE in Java as a plug-in for the Eclipse IDE. We conducted qualitative investigations into its

validity. We also compared our results with other approaches and tools [Weston and Rashid, 2009;

Itzik and Reinhartz-Berger, 2014b]. We used four SRS documents (two from the literature and two

from an industrial source) and compared the results with features that we had manually extracted.
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2.1 Methodology

We investigated the different natural language processing techniques that are available: Lucene

[Lucene], Leximancer [Leximancer], Stanford NLP [Stanford CoreNLP], and OpenNLP [OpenNLP].

Lucene, which is a search engine library, is very powerful, but most of its features, such as spell-

checking, indexing, and ranked searching, would not be utilized. Leximancer analyzes text docu-

ments to identify high level concepts; as it is a tool that does not provide an API that could be used

in our approach, we did not select it either. Stanford NLP and OpenNLP provide almost the same

functionality, i.e. sentence segmentation, part-of-speech (POS) tagging, named entity extraction ...

etc.; the only difference between them that we spotted is in the output. We decided to use Stanford

NLP as our NLP extraction method because its output was easier to parse.

2.1.1 Approach

We wrote our initial prototype tool in Java and we used Stanford NLP’s POSTagger API, version

3.5.0 [Stanford CoreNLP], to assign parts of speech (i.e., noun, verb, adjective, etc.) to the ex-

tracted words from a given text. We start by a manual extraction of the functional requirements

section from an SRS document. We focus only on plain text-based SRS documents, basing our

approach on the functional requirements section from the SRS documents as described by an IEEE

standard [IEEE, 1998]. The documents are fed to FFRE where part-of-speech (POS) tagging is ap-

plied as illustrated in Figure 2.1. Then, we extract the sentences to create tuples. Each sentence has

a set of tuples and each tuple contains a word and its type. We detect and delete all the determiners

(such as “a”, “the”), adverbs (such as “first”, “however”), and the “wh”-adverbs (such as “when”,

“where”). The output is then fed to a second module where we sort the sentences in alphabetical

order by the actor and remove duplicate sentences. (We found that some of the features were re-

peated in the same document, with the apparent justification of decreasing misinterpretation by the

reader.) Then we applied our heuristics, which we discuss in the next subsection, in order to create

the feature models and identify the mandatory and optional features.
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Figure 2.1: FFRE process and methodology.

2.1.2 Heuristics

The three heuristics we devised in FFRE are there to enrich the extracted FMs with meaningful

features. Some of them are similar to the ones discussed in the related work sections and others

are newly introduced, as detailed below.

H1: The actor, action, and object are the core of a feature.

In H1, we used only the actor (who performs), the action (what is performed), and the object

(on what is the action performed) as the core of the functionality. It is similar to what is introduced

by Itzik and Reinhartz-Berger [2014b]. We did not use the other three parts described by them, the

instrument (how it is performed), the temporal modifier (when it is performed), and the adverbial

modifier (under what conditions this action happened) (see Section 7.1 for the details), as we

believe that actor/action/object should suffice to identify the functional feature, i.e., the minimal

information needed to get the feature implemented or distinguished from the others. Adding the

other parts would increase the chances for errors.
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H2: The actor and actions (verbs) together form the tree node.

In H2, we choose the root of the feature model to be the filename of the SRS document used as

input for FFRE. Then, we use the actor as the parent of the features handled by that actor. Under

each actor, we add the verbs as parents of the complete feature selected, as shown in Figure 2.2.

Figure 2.2: Sample output from FFRE.

H3: If there is more than one action for the same actor, the feature will be optional; otherwise

it will be mandatory.

The decision behind choosing H3 is to make sure that we identify the optional and the manda-

tory features in the FM. In cases where the same action is repeated for the same actor but on

different objects, then those features are modelled as optional, otherwise those features are mod-

elled as mandatory. This heuristic extracted the feature relationships correctly in some cases but in

other cases it failed. This is discussed more in the evaluation section.

The current stage of FFRE can be categorized in terms of the standard model of RSSE by Robil-

lard et al. [2010] as shown in Table 2.1. In the nature of context, the input that it uses is “explicit”,
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Table 2.1: FFRE as an RSSE.

Nature of
Context

Recommendation
Engine

Output Mode

Input: Explicit

Data: Requirements’
documents

Mode: Pull

Ranking: No
Presentation:

batch
Explanations: none

User feedback: None

which means in order to get recommendations we will need to use the SRS as an input to the tool.

For the recommendation engine, the data that we depend on are the requirements documents and

there is no ranking provided for the extracted features, because the recommendations are each in-

dependent and not alternatives to each other. For the output, the mode of operation is “pull” where

we have to request recommendations from FFRE else no recommendations would be provided.

The presentation method is “batch” where the output is a file containing the FM. FFRE also does

not provide explanations behind the current selection of the features or their types. User feedback

is not used to enhance the output. We consider the implications of some of these choices, and

potential alternatives, later in the paper.

2.2 Evaluation

In this section, we describe the different evaluation methods we adopted to test the validity of our

approach and identify the strengths and weaknesses of heuristics H1, H2, and H3 mentioned in the

previous section.

We started by conducting a preliminary investigation. We used four SRS documents: two of

them from the literature [i.e., Itzik and Reinhartz-Berger, 2014b], detailed in Appendix A, and the

other two from an industrial contact, who shall remain anonymous. We used these as input to FFRE

and compared the FMs constructed by it to the manually extracted features from the documents.
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Figure 2.3: A set of requirements from an SRS document.

We extracted 31 features from each of the two SRS documents from the literature, and 18 and

20 features from the two industrial ones. A sample of those requirements are shown in Figure 2.3,

and the rest of the requirements are detailed in Appendix A. The evaluation was qualitative and all

the features were correctly extracted—in terms of our definition from the heuristics H1 and H2—

indicating simply that FFRE works as designed but does not say whether the design of the FMs is

good. We did not perform quantitative evaluation (such as precision and recall), as all the features

were correctly extracted, and the qualitative analysis would suffice for validating the identification

of features. However, problems were spotted in the generated feature models regarding the types

of the features (either optional or mandatory) and their relationships (where should they be located

in the FM), as targeted by heuristic H3. We requested verification on the actual features and

relationships from the industrial contact that provided us with the documents; but as we had no

response, we evaluated the output of the features ourselves against our understanding of the SRS

documents. We extracted the features and their relationships manually from the SRS documents,

and constructed the FMs. Then, we used them as our reference point to compare against the

generated ones from FFRE.

In order to decrease the bias in our evaluation, we compared the output of FFRE to other
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approaches and tools [Itzik and Reinhartz-Berger, 2014b]. The output from their approach, SOVA

– a Semantic and Ontological Variability Analysis method, was different from ours: they were

more concerned with identifying the features’ types and their relationships, rather than extracting

the core of a feature from the requirements, i.e., they treated each requirement statement as a

feature. They identified the two requirements documents they used as file 1, and file 2. Each

requirement is uniquely identified by a letter, A and B for files 1 and 2, respectively, and a number.

For example, B6 refers to the requirement statement number six identified in file 2. Focusing on

comparing the results of our approach to theirs for the Pay feature, the requirements from both files

related to that feature are:

B6 - The system supports paying with PayPal. If a customer pays with PayPal, the

system verifies the PayPal payment information.

A2 - The system supports paying with credit cards. If a customer pays with a credit

card, the system approves first the payment by contacting the credit card company.

A7- The system supports paying with gift cards. If a customer pays with a gift card,

the system supports only land shipping.

The Pay feature has three alternatives: either pay with PayPal, pay with credit card, or pay

with gift card. Based on each payment type, the system performs different actions. The SOVA

approach presented by Itzik and Reinhartz-Berger [2014b], as shown in Figure 2.4 for the Pay

requirements, neglects the other functionalities mentioned in the requirement’s statement, which

are important for the system to complete a payment. For example, the system should verify the

PayPal payment information, or support land shipping. However, our approach is more concerned

with the functionalities of the feature models, as shown in Figure 2.5. The Pays feature is under

Customer where the same payment functionalities are provided. Also, the other features that the

System feature support (namely, land shipping and the different verifications to be carried out) are

included.
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Figure 2.4: A portion of the E_Shop FM as generated by Itzik and Reinhartz-Berger.

Figure 2.5: Portion of the FFRE output for the E_Shop SRS document.

In addition, we compared the results extracted by FFRE (Figure 2.5) to another tool named

ArborCraft [Weston and Rashid, 2009], an Eclipse plugin that helps in the creation of FMs from

natural language requirements documents. It constructs the feature tree by calculating the semantic

similarity between the requirements and creates feature clusters out of them. It was also used

by Itzik and Reinhartz-Berger [2014b] to verify their work. We used the same configuration as

mentioned in their work, producing the same results for ArborCraft as they did. However, the

extracted features from ArborCraft were almost a breakdown of the sentences used to create the

feature model. An example is shown in Figure 2.6. Focusing on the Pay feature, ArborCraft did

not consider the requirements B6, A2, and A7 to be related features, as FFRE and SOVA did.

We suspect the reason behind this is the ambiguity and repetitions in the requirements, highly
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Figure 2.6: Sample output of the ArborCraft tool (as drawn by another tool, FeatureIDE).

common in SPL SRS documents, which affect the calculations of the similarity inside each cluster

provided by ArborCraft. Also, they used numbers to distinguish the features without using a

meaningful textual description to identify the nodes. This makes the model difficult to read and to

interpret.

From our evaluation, we found initial evidence that heuristics H1 and H2 provide acceptable

results in breaking down the requirements, highlighting the functionality features and generating

the feature models. However, H3 was misleading sometimes in the selection of the feature types.

2.3 Summary

Feature models are important building blocks upon which software product lines depend heavily.

The extraction of the features from the system requirements specification documents, and adding

them to an FM, is a complex and error-prone process if done manually. In this paper we presented

our initial prototype tool FFRE (Feature and Feature Relationship Extraction) that automatically

provides recommendations on the features and their relationships from the requirements documents

using natural language processing (NLP) techniques. FFRE uses Stanford NLP’s POS tagging API

to parse and tag the words and their types in a document, and heuristics to extract the features and

to construct the FMs.

In terms of RQ1, we evaluated FFRE qualitatively using different methods and showed pre-
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liminary evidence that it has the potential to provide useful recommendations to SPL practitioners,

thereby facilitating their work in the extraction of features.

FFRE is capable of extracting the features from an SRS document. Two of our heuristics

provided acceptable results in terms of the identification of the features and the creation of the

feature models. However, we spotted some of the limitations and threats to validity such as the

identification of the features’ types and the relationships among them, which were targeted by a

third heuristic. There is potential in the future work because it will deal with current limitations

and provide better RSSE system that targets the extraction of features from SRS documents. The

outcomes will be an automated way to extract features and generate categorized feature models

rather than the tedious manual work with unguaranteed quality.

In principle, the extracted FM could be utilized to implement the SPL. However, due to the

challenges we faced in evaluating the approach in an industrial setting, we did not continue working

in that direction.
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Chapter 3

Unanticipated Evolution in DOP

We present a case study where we consider the consequences of adopting delta-oriented program-

ming (DOP) in a program family undergoing unanticipated evolution. DOP is a promising imple-

mentation approach for supporting variability in an SPL, directly supporting various elements in

feature models [Schaefer and Damiani, 2010; Schaefer et al., 2010]; it is supported in an extension

(DeltaJ) to the Java programming language 1. Unanticipated changes are the ones that were not

foreseen, and they might arise due to changes in either technical or business requirements [Buckley

et al., 2005]. In this chapter, we address the research question:

RQ2. What is the effect of unanticipated evolution on implementing SPLs using DOP

compared to separate products in terms of code duplication and complexity?

This chapter is organized as follows: Section 3.1 describes the motivation behind conduct-

ing this study. Section 3.2, we describe the pre-existing product family whose evolutionary path

we replicate in an equivalent DOP implementation. In Section 3.3, we overview delta-oriented

programming, how it can be used to support feature models, and some details of the DOP imple-

mentation of the product family. In Section 3.4, we detail the quantitative and qualitative results of

our study. We discuss remaining issues in Section 3.5.

1https://www.tu-braunschweig.de/isf/research/deltas/
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3.1 Background

The approach of managing a separate codebase for each software product within a product line

is problematic, as it leads to expensive and massive redundancy in development and maintenance

[Pohl et al., 2005]. Duplicating the source code of features between different products is an error

prone and risky task: (1) developers can easily miss subtle interactions, or specialized modifica-

tions, of the features being duplicated; (2) problems detected and corrected in one product within a

product line may have to propagated to other products; and, (3) as any other software engineering

methodology, each change may lead to additional changes (ripple effects) that may not be obvious

or that may introduce additional bugs.

Software product line engineering (SPLE) has long been promoted for its potential to system-

atize the development of product families. But to meet this potential, both modelling and imple-

mentation facets of product families must be supported; otherwise, the models and the implemen-

tation are bound to differ over time as they evolve. Furthermore, real product families (like any

software) need to evolve in ways that are not always anticipated [Kniesel et al., 2002] within pre-

planned designs. While any SPLE approach will presumably be designed to increase immediate

reuse, unanticipated evolution may have unanticipated consequences (e.g., surprising increase of

cloning); concrete evidence is needed. Unfortunately, we know little about the evolvability char-

acteristics of SPLE approaches that concern both modelling and implementation [Passos et al.,

2016], limiting our ability to make rational and disciplined decisions about adoption.

Various techniques have been proposed for adopting SPLE [e.g., Cardozo et al., 2011; McGre-

gor et al., 2010; Bettini et al., 2010; Quinton et al., 2013; Millo et al., 2013; Gacek and Anasta-

sopoules, 2001; Botterweck et al., 2009; Schaefer and Damiani, 2010; Schulze et al., 2013; Gomaa

and Shin, 2007; bin Abid, 2010; Berger et al., 2013], and performing one-time transformations

from independent products to a product line architecture [e.g., Heider et al., 2012a; Rubin et al.,

2013; Bastos et al., 2015; Fenske et al., 2017]. While some work has examined difficulties arising

from SPL evolution [e.g., Heider et al., 2010; Tizzei et al., 2011; Tanhaei et al., 2016] and as

a consequence of refactoring [Laguna and Crespo, 2013], empirical studies assessing the relative
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consequences of evolving separate products versus a product family using an SPL architecture,

with respect to unanticipated evolution, are lacking.

We conduct a case study into the unanticipated evolution of a software product family using

two approaches: separate products versus a common codebase using delta-oriented programming

(DOP). We compare the ease of change within the two versions through a set of quantitative mea-

surements and qualitative observations. We selected a small, existing product family, consisting of

separate codebases, that had historically undergone unanticipated evolution. We ported the initial

codebase to a DOP implementation that was then repeatedly modified according to the version his-

tory of the original program family. We collected quantitative measurements (lines of code (LOC)

changes and degree of duplication) and qualitative observations (complexity and error-proneness)

of the two program families for each version to compare the effects of the two alternative ap-

proaches to support the program family.

3.2 Original product family

The vending machine simulator (VMS) was developed in the past at the University of Calgary to

simulate vending machine functionalities in order to investigate the effects of different designs.

It started as a single product prototype and as new features emerged over time, the codebase was

branched in the source repository to have multiple products resulting in their independent develop-

ment. A total of eight VMS products were eventually developed, all in Java and all with significant

quantities of embedded documentation (Javadoc) coordinated between the products; we focus on

the first three of these to limit the cost of reimplementation.

Managing the evolution and maintenance of the separate products was problematic due to a

number of factors. (1) Applying changes, across the different products, required copying/pasting

code manually and verification of the resulting code. (2) Introduction of new features to one of

the products and deciding to add it to another was not as simple as copying/pasting the packages

from the source product to the target one, but required more changes in the destination product
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to accommodate such changes. (3) The similarity and differences between the embedded docu-

mentation of each product resulted in frequent inconsistencies between the product’s behaviour,

interface, and documentation.

Figure 3.1 shows the process followed to support the separate-products development. UML

models were created for each product. In case of modifications to the models and/or code, sub-

sequent manual adjustments were made to regain consistency in the product family’s models and

implementations.

Figure 3.1: The development life cycle for separate products.

Product 1 consists of 1,158 LOCs (including comments and blanks when formatted according

to the standard Eclipse format) in 7 classes in addition to 2,425 LOCs for the generated parser

(the parser specification consisted of 540 LOC of JavaCC code in 8 lexical specifications and 12

grammar productions). Product 2 consists of 3,012 LOCs in 37 classes. Product 3 consists of 3,094

LOCs in 38 classes.

Product 1 consisted of two main packages, frontend and product. The frontend package con-

tained a script processor class (Script-Processor) that takes input from a simulated user via a simple

scripting language, passing it to the Parser which parses input coins (Coin instances) and delivering

cans of soda pop (Pop instances). The product package contains a VendingMachineFactory class and

a VendingMachine class. VendingMachineFactory allows a set of scripts to be read in, executed, and
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tested for correctness while Vending-Machine controls loading/unloading of coins/pops.

Later, new requirements emerged that affected only later products: (1) a separate hardware

simulator was needed to simulate the internal functionalities of a vending machine, such as coin

slot, racks, channels, receptacles, delivery chute, display, etc. that replaces the parser; (2) Pop was

renamed to PopCan for improved clarity; and (3) the value of coins was to change to instances of

the Cents class from primitive ints.

3.3 DOP-based product family

Figure 3.2 shows the development lifecycle we followed for DOP adoption. First, we manually

identified features from the separate products and used FeatureIDE2 (an Eclipse plugin for feature-

oriented software development including DOP) to create the feature model (FM). Then we man-

ually defined the SPL file, which represents the VM in DOP, based on the FM. A skeleton for

each delta is automatically generated by name. We added the implementations inside the gener-

ated deltas, from the separate products, after having finished all the additions to the deltas. We

later applied modifications to the FM, the SPL file, and the deltas. In all cases, we compared

DOP-generated products to the separate products to verify that our translation was correct through

manually running the generated products using predefined test cases.

To migrate the VMS to DOP, we defined this SPL file:

SPL VMS {

Features = { Frontend , Coin , Pop , Parser , VendingMachine }

Deltas = { dVendingMachine , dIVendingMachineFactory , dCoin , dPop , dParser ,

dDel iverab le , dScr ip tProcessor }

Constraints { }

Par t i t ions {

{ dDel iverab le , dCoin } when ( Coin ) ;

{ dDel iverab le , dPop } when (Pop ) ;

{ dIVendingMachineFactory } when ( Frontend ) ;

2http://wwwiti.cs.uni-magdeburg.de/iti_db/research/featureide/
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Figure 3.2: The development life cycle from DOP adoption.

{ dScr ip tProcessor , dParser } when ( Parser ) ;

{ dVendingMachine , dVendingMachineFactory } when ( VendingMachine ) ;

}

Products {

Product1 = { Frontend , Coin , Pop , Parser , VendingMachine } ;

}

}

The SPL is named VMS. For the Features section, we use the features defined in Figure 3.3.

The deltas are defined with the same names as the features, prefixed with “d”. For simplicity we

did not specify constraints. For the Partitions section, we specify the deltas needed for a feature

to be fulfilled. Finally, the Products section is used to specify the products and the features to be

included. Once the file is saved in FeatureIDE, deltas are created as skeleton files.

The next step was to fill in the deltas with code. As we were migrating the first product, and it

was an initial setup for the SPL, all the operations were added. For example, the delta dCoin was
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Figure 3.3: Feature model including only Product 1.

written as (comments and annotations suppressed):

delta dCoin {

adds {

package org . lsmr . vending . f ron tend ;

public class Coin implements De l i ve rab le {

private i n t value ;

public Coin ( i n t value ) {

i f ( value <= 0)

throw new I l l ega lArgumentExcept ion

( " The value must be grea te r than 0: the argument passed was "

+ value ) ;

th is . value = value ;

}

public i n t getValue ( ) {

return value ;

}
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public S t r i n g t o S t r i n g ( ) {

return " " + getValue ( ) ;

}

}

}

}

Later, adding Products 2 and 3 required alteration of the FM and the SPL file and addition of

new deltas. The FM for Product 2 is shown in Figure 3.4 where we added the new feature Hard-

wareSimulator. Then, we created a new abstract feature, called Pops, moved Pop to be its child,

and added PopCan as an alternative to Pop. (Note that an abstract feature is used to organize the

FM and does not affect the implementation [Thum et al., 2011].) We also changed VendingMa-

chine to be abstract and added VendingMachineFactory (for Product 1) and VendingMachineLogic

(for Product 2). The VendingMachineLogic feature is needed to handle the newly added Hard-

wareSimulator feature. Finally, the FM for Product 3 is shown in Figure 3.5; the only difference

from Product 2 is the addition of the Cents feature as a child of the Deliverable feature.

Figure 3.4: Feature model after adding Product 2.
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Figure 3.5: Feature model after adding Product 3.

3.4 Results

As applying a change to a feature also required corresponding changes to the source code, for both

approaches, we measure: (1) lines changed as defined by Git3; and (2) the degree of duplication

in terms of the number of code clones as defined by the Simian tool4. We choose those two

measurements to capture the impact of a change on the codebase, and how much code duplication

will be introduced.

3.4.1 LOC change metrics

Change 1 (Adding HardwareSimulator feature for Product 2)

Extensive and similar additions and adjustments were needed to the codebases for both approaches,

as this large feature was not supported in Product 1. As such, both approaches are equivalent in

terms of LOC changes, and we do not examine the details further. The number of lines changed in

the separate products approach is 2,470 lines while in the DOP approach is 2,714, which is slightly

3https://git-scm.com/
4http://www.harukizaemon.com/simian/
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higher due to syntactic overhead, such as “delta”, “add”, “removes” ... etc.

Change 2 (Changing Pop to PopCan in Product 2)

We renamed the Pop class to PopCan in the second product.

Separate-products version: The change was straightforward for the separate products. The

Pop class was renamed PopCan with reference updates being automatic using a standard refactoring

tool. The changed files are shown in Table 3.1.

Table 3.1: Changing Pop to PopCan for separate products.

File # of Lines Changed

IVendingMachineFactory.java 2
Pop.java→ PopCan.java (91% similar) 2
VendingMachineStoredContents.java 2
AbstractPopCanAcceptor.java 2
DeliveryChute.java 2
PopCanChannel.java 2
PopCanRack.java 13
PopCanRackListener.java 5
VendingMachine.java 3
Parser.java 7
VendingMachineFactory.java 2

total 42

mean 3.82
median 2.00
standard deviation 3.30

DOP version: Each change was divided into three parts: applying changes to the FM, then to

the SPL file, and finally to the deltas. The changes applied to the FM were shown in Figure 3.3.

For the changes applied to the SPL file: (1) we added the PopCan feature to the Features section;

(2) we added the dPopCan delta to the Deltas section; (3) we added a new partition “{dPopCan}

when (PopCan);” to the Partitions section; and (4) we replaced Pop with PopCan for Product2 in the

Products section.
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Table 3.2: Changing Pop to PopCan in the DOP version.

File # of Lines Changed

VM_Experiment.spl 3
dAbstractPopCanAcceptor.deltaj 2
dDeliveryChute.deltaj 2
dPopCanChannel.deltaj 2
dPopCanRack.deltaj 13
dPopCanRackListener.deltaj 5
dVendingMachine_2.deltaj 3
dParser_P2.deltaj 7
dIVendingMachineFactory_P2.deltaj 1
dVendingMachineFactory_P2.deltaj 4
dPopCan.deltaj 37

total 79

mean 7.18
median 3.00
standard deviation 9.96

For the changes applied to the deltas: (1) a skeleton file named dPopCan.deltaj was gener-

ated; (2) we copied-and-pasted the dPop.deltaj content to dPopCan.deltaj and renamed the class to

PopCan; and (3) we manually changed all the files referencing Pop. The changes applied are shown

in Table 3.2.

In the separate-products approach, git calculated the number of changed lines for PopCan.java

as two lines only because Pop.java was renamed to PopCan.java, and both files were 91% similar,

as highlighted in Table 3.1. However, in the DOP approach, a new delta named dPopCan.deltaj

containing a similar code to dPop.deltaj was added.

Change 3 (Adding Product 3)

In this change, a new product was added where Cents instances represent value for the Coin class.

Separate-products version: For the separate products, the following steps were apparently

carried out to add the new product: (1) the Product 2 solution was copied-and-pasted as Product 3;

(2) all the packages were renamed to reflect the new product name; (3) the Cents class was added
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to the package org.lsmr.vending.frontend3; and (4) 36 Java source files were edited, as detailed in

Table 3.3.

DOP version: The changes were again divided into three parts: applying changes to the FM,

the SPL file, and then to the deltas. For the FM, the changes were discussed previously in Fig-

ure 3.5. For the SPL file changes: (1) we added features called Cents, and Product3Changes in

the Features section; (2) we added new deltas named dCoin3, dCents, dCoinReceptacle3, dCoinSlot3,

dVendingMachine3, and dVendingMachineLogic3 to the Deltas section; (3) we added the following

new snippets in the Partitions section:

{ dCoin3 , dCents } when ( Cents ) ;

{ dCoinReceptacle3 , dCoinSlot3 , dVendingMachine3 ,

dVendingMachineLogic3 } when ( Product3Changes ) ;

and (4) under the Products section, we created a new product named Product3, inserted the same

features from Product2, and added to them the Cents and Product3Changes features.

For the changes applied to the deltas: (1) skeleton files named dCoins3, dCents, and dProduct3-

Changes were generated; (2) in dCents.deltaj, we added the new class Cents; (3) in dCoin3.deltaj,

we replaced value, Coin(), and getValue() as follows:

modifies org . lsmr . vending . f ron tend . Coin {

removes value ;

adds private Cents value ;

removes Coin ( i n t value ) ;

adds public Coin ( Cents value ) {

i f ( value . compareTo (new Cents ( 0 ) ) <= 0)

throw new I l l ega lArgumentExcept ion ( " The value must be

grea te r than 0: the argument passed was " + value ) ;

th is . value = value ;

}

removes getValue ( ) ;
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Table 3.3: Changes for separate products, adding Product 3.

File # of Lines Changed

Cents.java 88
Coin.java 37
Deliverable.java 10
IVendingMachineFactory.java 182
PopCan.java 38
ScriptProcessor.java 41
VendingMachineStoredContents.java 28
AbstractCoinAcceptor.java 31
AbstractHardware.java 99
AbstractHardwareListener.java 24
AbstractPopCanAcceptor.java 22
CapacityExceededException.java 8
CoinChannel.java 55
CoinRack.java 199
CoinRackListener.java 70
CoinReceptacle.java 235
CoinReceptacleListener.java 60
CoinSlot.java 104
CoinSlotListener.java 31
DeliveryChute.java 156
DeliveryChuteListener.java 40
DisabledException.java 8
Display.java 27
DisplayListener.java 19
EmptyException.java 8
IndicatorLight.java 44
IndicatorLightListener.java 24
Lock.java 48
LockListener.java 22
PopCanChannel.java 36
PopCanRack.java 191
PopCanRackListener.java 70
SelectionButton.java 21
SelectionButtonListener.java 15
SimulationException.java 40
VendingMachine.java 483

total 2614

mean 72.61
median 39.00
standard deviation 90.85
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Table 3.4: Adding Product 3 to the DOP version.

File # of Lines Changed

VM_Experiement.spl 17
dCents.deltaj 94
dCoin3.deltaj 19
dCoinReceptacle3.deltaj 27
dCoinSlot3.deltaj 12
dVendingMachine3.deltaj 28
dVendingMachineLogic3.deltaj 11

total 208

mean 29.71
median 19.00
standard deviation 26.95

adds public Cents getValue ( ) {

return value ;

}

}

and (4) in dProduct3Changes.deltaj, we applied the same modifications as in the separate products;

however, we needed to remove the existing methods and add the new ones.

The number of changed lines per file is shown in Table 3.4.

Summary

We compared the effect of applying changes on the source code and the number of lines affected

on both DOP and separate products development approaches. In DOP, changing Pop to become

PopCan in Product 2 required creating new features and deltas. Due to the limitations of DeltaJ in

modifying specific lines in the code, the number of changed lines and deltas was higher than with

the separate products (79 lines in DOP vs. 42 in separate products approach). DeltaJ’s remove op-

eration can only remove imports, class fields, and methods, but not statements inside a method. In

addition, class or package names cannot be modified by a delta. However, in the separate-products
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approach, the changes were straightforward and did not affect the other products developed, i.e., all

changes applied to one of the products were isolated from the others. To introduce Product 3 to the

product family, DOP showed better results in terms of number of changed lines (208 lines changed

vs. 2614 for the separate products). DOP changes were applied as deltas that target only the af-

fected classes by such a change; however, for the separate products, the changes were implemented

by copying the whole product again and applying the modifications.

3.4.2 Code clone metrics

We define code clones as portions of assets for which a given conceptual edit requires concrete

edits to each. For estimating code clones, we used the tool Simian which identifies duplicated code

snippets by analyzing textual similarities. We computed the code clones (measured in cloned lines

of code) by varying the minimum number of adjacent identical lines to be considered a duplicate

(the threshold). We varied that number from 4 to 22 in increments of 2.

We calculated the code clones without and with Product 3 present, as shown in Figures 3.6

and 3.7, respectively. In both approaches, the duplication decreases as the threshold increases, but

we see that duplication is consistently far lower for DOP than separate products. In Figure 3.7, we

can see that the addition of Product 3 has little effect on the DOP version, as deltas can be created

to modify the existing classes and can be included in only the desired products thereby decreasing

the code cloning levels. However, for separate products, code duplication increases and remains

high almost constantly so, because the changes introduced to Product 3, by adding Cents feature,

required changes to all the classes using the Coin feature, and the rest of the classes were duplicated

from Product 2, i.e. still higher code duplication.

3.4.3 Qualitative observations

From our experience with both approaches, DOP almost always requires the addition of deltas

when an unanticipated change is introduced, which can increase the complexity of defining and

managing those new deltas. By increasing the complexity of the SPL, the number of deltas will
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Figure 3.6: Code clones in the absence of Product 3, for varying thresholds of adjacent identical
lines.

Figure 3.7: Code clones in the presence of Product 3, for varying thresholds of adjacent identical
lines.
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increase and multiple deltas might apply changes to the same classes. However, for the separate-

products approach, products diverge more easily and evolve in an uncoordinated manner; the re-

sulting propagation of the same changes to other products in the same product family will require

more error-prone, manual interventions to copy-and-modify those changes.

3.5 Discussion

In this section, we discuss several remaining issues.

3.5.1 The relative merits of the two approaches

Both DOP and separate product development have their advantages and disadvantages in SPLE.

We evaluated both approaches in terms of evolvability. While it is not surprising that the initial

DOP version had lower cloning than the initial separate products, there was no guarantee that

this advantage would not quickly decay during unanticipated evolution. Such an effect was not

forthcoming.

DOP permitted additions and modifications to existing code via deltas that usually required

less duplication than in separate products. The HardwareSimulator feature showed how the unan-

ticipated addition of features is not easily accommodated by either approach. This could be a case

where refactoring of the feature model and associated codebase may have been preferable as a first

step before adding the feature.

However, DOP added an intermediate layer (deltas) which increased the complexity of manag-

ing the underlying code, necessitating coordinated adjustments to the SPL file and delta files. Also,

tool support for DOP is still immature: comments added to the deltas were discarded whenever the

products are generated, which was problematic since the embedded documentation differed for the

products; and in order to regenerate the products, the SPL file needed to be edited temporarily

to force the generator to re-run. Most such issues can be addressed by improved engineering of

the toolsets; the exception is the fact that DeltaJ is language-specific, so it provides no support
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for managing non-Java assets, and it seems unlikely that such support would be straightforward to

add.

Separate-products development was better in that aspect as it did not use the intermediate lay-

ers. Each product was treated separately where any changes applied to one of the products did not

interfere with the others. However, the duplication was much higher; in case of a bug discovered in

one of the products, and duplicated in multiple ones, changes were propagated manually, requiring

verification that the newly introduced patches did not break existing code. It is possible that some

approach related to the idea of linked editing [Toomim et al., 2004; Duala-Ekoko and Robillard,

2010] would eliminate the negative effects of duplication while maintaining the ease of managing

the separate products; this remains speculation at this point.

We note in particular that we have considered only the technical aspects of adopting DOP

versus maintaining separate products. While one could assume that any technology for SPLE

will be better than none, this is a dangerous assumption: we ran into concrete difficulties with

duplication in DOP due to its lack of support for reuse in embedded documentation.

3.5.2 Threats to validity

As this is a case study on a single, small product family, our conclusions may not generalize. We

also selected only the prefix of coarse-grained changes in the system’s actual evolution; this could

have ignored effects that would have arisen over a longer development history or due to other kinds

of change. As we interpreted the intent of the original product family’s development to emulate

it, we may have made mistakes or been biased; however, we had no preconceptions about which

approach ought to “win”, mitigating this risk. Our choice of metrics focuses on duplication within

the codebase(s), ignoring quantitative measurement of other aspects that could signal problems;

we present qualitative observations to mitigate this risk and to avoid quantitative measurements

that could be biased by the constrained context.
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3.6 Summary

Unanticipated evolution can be problematic for any software product; the need for coordination

between products increases the potential for problems. Software product line engineering has long

been promoted for its potential to improve management of product families, but the models that

are central to SPLE efforts must be reflected unerringly in the implementation lest these two facets

become inconsistent. As such, it is unclear whether the benefits of SPLE outweigh its costs during

unanticipated evolution.

To answer RQ2, we have reported on a case study in which the historic, unanticipated evolution

trajectory of a family of separate products was emulated by an SPLE-based version of that product

family, using delta-oriented programming as the supporting implementation technology. For one

change in which a new feature was added, the two approaches displayed near identical effects,

requiring many additions to the codebase and detailed adjustments. For the other two changes that

we pursued, the DOP approach led to a significant reduction in duplication as compared to the

separate-products approach with a commensurate reduction in the need to apply similar edits in

multiple locations in the codebase; however, the DOP approach was more complex to manage as

it requires coordinated edits in the codebase, and does not support all points of variability such as

within documentation.
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Chapter 4

CIA in Software Product Line Engineering

We describe our approach to achieve CIA in SPLE by constructing a directed dependency graph

from the variability model (VM), source code, and source code history, and how we applied it

on DOP. We utilize the VM, the deltas, and the source code history to identify implicit relation-

ships between implementation-level artifacts. Our approach supports both unidirectional (model-

to-code) CIA and bidirectional (code-to-model and model-to-code).

In this chapter, we address the research question:

RQ3. How can traceability links between FMs and source code be detected and main-

tained?

Section 4.1 discusses our approach for achieving CIA in SPLE: construction of the dependency

graph; Section 4.2 describes different approaches we used to leverage source code history; Sec-

tion 4.3 presents the prototype tool, CIAHelper, that implements our approaches to support both

CIA and RTE.

4.1 Change impact analysis in SPLE

We propose to use the variability model (VM), source code, and source code history (as recorded

in a version control system like Git) to support CIA. Our approach can be applied on any SPL as
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Figure 4.1: UML structure diagram representing key entities and relationships for DOP.

long as it contains a VM and code artifacts, and preferably source code history. We chose DOP

to leverage our approach as it showed promise as a good candidate to implement SPLs (details

are discussed in Section 7.2). We capture and model the dependencies by analyzing the semantics

of both the VM and code artifacts—as represented in abstract form in Figure 4.1—to construct a

directed dependency graph between concrete elements representing instances of the classifiers in

that figure. The VM information (such as feature constraints, rules, and types) assists in identifying

implicit relationships between implementation-level artifacts; syntactic and semantic analysis of

the implementation details internal to the deltas is necessary to determine explicit relationships

between implementation-level artifacts.

To consider the fact that certain changes are more likely than others to lead to ripple effects that

propagate across certain edges in the dependency graph, each edge is annotated with a probability

that a change in its source node will propagate to its sink node; these probabilities can be deter-

mined heuristically (e.g., an edge has 50% probability of propagation, by default) or by leveraging

the past version control history of co-committed entities.
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4.1.1 Dependency graph design

The detailed form of the graph will have a significant influence on the impacted sets to be com-

puted. The directed graph G = (V,E) consists of a set V of nodes (also called vertices) with

a set E of directed edges between the nodes. Every directed edge e points from a node (called

the source node) in the graph to another node (called the sink node) in the graph—that is, E =

{(vi, vj) | vi, vj ∈ V }; self loops e = (vi, vi) are permitted in principle though in practice they are

of little value. Each node has a type: Product, Feature, Delta, Class, Method, Field, Interface,

Enum, or Package. The node types Product, Feature, and Delta correspond to the Product decla-

ration, Feature declaration, and Delta declaration in Figure 4.1, respectively. The remainder of the

node types correspond to implementation-level entities; as the existing DOP tool support operates

only at the level of Java 5 (e.g., annotation types and lambda expressions are not supported), the

remaining node types correspond to Java 5 entities, where Method is also used for constructors and

initializers. Each directed edge has a type to represent a relationship; supported edge types are:

• includes, from a Product node to a Feature node;

• comprises, from a Feature node to a Delta node;

• adds/added by, from a Delta node to a Class, Method, or Field node;

• modifies/modified by, from a Delta node to a Class node;

• removes/removed by, from a Delta node to a Class, Method, or Field node;

• imports, from a Delta node to a Package node;

• referenced by, from a Class node to a Class node;

• contains, from a Class node to a Method or Field node;

• invokes, from a Method node to a Method or Field node;

• passed by, from a Class node to a Method or Field node;
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• Git/associates With, from a Class node to a Class node;

• Git/associates With, from a Delta node to a Delta node.

• Unknown, from any node to another.

The “includes” relationship is used when a feature is included in a product, while the “com-

prises” relationship is used when a delta is partitioned in a feature. “adds” and “added by” represent

a bi-directional relationship between the deltas, and the classes, methods, or statements added, sim-

ilarly, “modifies”, “modified by”, “removes”, and “removed by”. “imports” is used when a class

imports other Java packages in the delta files. “references” is used based on the AST traversal

performed by JDT. “contains” is used when a method or field are scoped inside a class. “invokes”

is used when a method calls another method or field. “passed by” is used for passed parameters

in a method to another. Finally, “Git” and “associates with” are used to model the associations

inferred from the source code history, as described in Section 4.2. Finally, “Unknown” is used to

model any unknown relations that might come up during the traversal.

4.1.2 Dependency graph construction in DOP

To implement our approach in DOP, we construct a directed graph based on the semantically

annotated ASTs after parsing the SPL file and the deltas. We locate the SPL file and the delta files,

based on the file extension. Three separate parsers are used to parse these files. We extracted the

grammars used in the DOP tooling, originally implemented in Xtext,1 to produce parsers for the

SPL file and delta files.

Parsing the SPL file

Nodes and edges representing Products, Features, and Deltas and their interrelationships are added

to the graph from the AST derived from the SPL file. As mentioned earlier in Figure 4.1, the SPL

file consists of feature, delta, and product declarations, and partition, and constraints specifications.

1https://www.eclipse.org/Xtext/
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Each declaration and specification is parsed, and the nodes and edges are added to the graph.

Algorithm 1 shows the pseudocode used to parse the SPL file. The algorithm starts by getting

the graph singleton instance, ciaGraph. The reason for having it a singleton is to allow only one

graph instance for the whole SPL. Then, it parses the SPL file and loads the extracted tree into the

ast variable. The feature and delta declarations are parsed in the methods parseSPLFeatureSet and

parseSPLDeltaSet, respectively. Each method loops over the respective type, and adds nodes to the

graph of either type Feature or Delta. For the product declarations, the method parseSPLProductSet

is used to loop over the products and do two things: create nodes with type Product, and add directed

edges between the product and the features, such that a product includes a feature. Finally, the

method parseSPLPartitionSet is used to parse the partitions, and extract the relationships between

the deltas and features. It uses comprises relationship as the edge type from the feature to the delta;

for example, the statement “{dCents, dCoin3} when {Cents}” (from the Partitions section of the VMS

SPL file shown in Figure 1.2) is translated into two comprises relationships each from the node

corresponding to the Cents node (of Feature type) to one of two nodes of Delta type, representing

dCents and dCoin3 respectively.

Parsing the delta files

A delta file could have one or more of the following three actions: adds, modifies, or removes.

Algorithm 2 shows the pseudocode used to parse the delta files, adding to the graph the nodes and

edges extracted. Nodes representing classes, and relationships from Delta nodes to Class nodes

are based on the AST derived from each delta file. We parse each action and all its children in

the methods parseAddsUnit, parseModifiesUnit, and parseRemovesUnit, respectively, to extract the

relationships between the delta actions and the underlying code snippets. For instance, the method

parseAddsUnit creates a new node of type class, and an edge of type adds from the delta node to the

class one. Similarly, modifies and removes methods create edges of types modifies, and removes,

respectively; for example, the delta dCoin shown in Figure 1.2 adds the class Coin, so a Delta node

and a Class node are added to the graph, and an adds edge is added from the former to the latter.
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The AST created from the delta files is used to construct member-level nodes and relationships.

For example, the Coin class added by dCoin declares a field value of type int, a constructor Coin(int),

and a method getValue() with return type int; thus, a Field node and two Method nodes are added

to the graph to represent each of these declarations, plus three contains edges, each from the Class

node representing Coin to each of these newly added nodes. A Class node is also added to represent

the primitive type int; edges are added from the node for Coin(int) and for the method getValue(),

each pointing to the node for int—the first edge is of type references and the second is of type

passes.

For parsing the detailed class-edits in the delta files, we tried to use the Java parser provided

with the DOP tooling; however, the scoping was not accurate; i.e. classes were not resolved to

the correct packages, and methods, and variables were not resolved to the correct classes. So,

we decided to leverage the parser (ASTParser) provided within the open-source Java Development

Tooling2 (JDT) of the Eclipse integrated development environment. We parse the body of each

class-edit using the same parser instance, configured to resolve bindings, as though each class-edit

were embedded within an appropriate Java compilation unit; with this configuration, the ASTParser

is generally able to determine to what entity any given identifier refers (e.g., a method invocation is

resolved to the correct method declaration even in the presence of overloading, and simple names

of classes are resolved to their fully qualified names). The result is a set of abstract syntax trees

(ASTs) annotated with semantic information (bindings). Algorithm 3 shows the pseudocode used

to parse the Java compilation units.

To illustrate more how the graph is constructed, consider the SPL we discussed earlier in Fig-

ure 1.2). Assuming that we start parsing the SPL file first, the nodes Coin, Cents, and Parser are

created of type Feature, and the nodes dCoin, dParser, dCents, and dCoin3 are created of type Delta;

they are all added to the graph as shown in Figure 4.2. From the partitions, the directed edges

are constructed between the features and the deltas, such that, the feature Coin comprises the delta

dCoin, the feature Parser comprises the delta dParser, and the feature Cents comprises the deltas

2https://www.eclipse.org/jdt/
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dCents, dCoin3, and dParser3. From the products partition, the two nodes Product1 and Product3

are created of type Product, and the directed edges from Product1 to the nodes Coin and Parser, of

type Includes, are created. Similarly, the directed edges of type Includes from Product3 to the nodes

Cents, Coin and Parser are created.

Figure 4.2: Example of constructed graph from SPL file.

Parsing the delta files will add to the constructed graph the nodes Coin, Parser, and Cents, of

type Class, and directed edges, of type adds, from the nodes dCoin, dParser, and dCents to them,

respectively, as shown in Figure 4.3. By passing the class declaration from the delta dCoin to the

JDT parser, the nodes getValue and Coin, of type Methods, and the node value, of type Field, get

constructed. Directed edges, of type contains, from the node Coin, of type Class, to those nodes

are created. The classes’ declarations inside the deltas dParser and dCents are parsed similarly,

and the extracted nodes and edges are created, and added to the graph. For the deltas dCoin3 and

dParser3, they are modifying the classes Coin and Parser, respectively. Directed edges from the

nodes dCoin3 and dParser3, of type modifies, are created to the nodes Parser and Coin, of type

classes, respectively. Parsing the code snippets inside those deltas will result in directed edges

from the deltas to the methods/fields modified. For instance, the node dParser3 removes the node
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insert , of type method, therefore, a directed edge from the node dParser3, of type removes, to the

node insert is created. From parsing the code snippets inside the delta dCoin3, it is detected that the

class Coin is referencing the class Cents, hence, a new directed edge from the node Coin to the node

Cents is created of type references. Also, the method Coin is now passing an object of type Cents in

the constructor Coin, so, another directed edge of type passes from the node Coin, of type method,

to the node Cents, of type Cass, is created.

Figure 4.3: Graph modifications after parsing delta files.

4.1.3 Change impact analysis steps

The following four steps were followed to perform CIA in DOP-SPLs are illustrated in Figure 4.4

and detailed below.
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Algorithm 1: Pseudocode to parse SPL file, and add the extracted nodes and edges to the
graph
1 Function parseSPL() is
2 ciaGraph ← CIAGraph.getInstance()
3 ast ← parseSPLFile()
4 parseSPLFeatureSet(ast.getFeatureSet())
5 parseSPLDeltaSet(ast.getDeltaSet())
6 parseSPLProductSet(ast.getProducts())
7 parseSPLPartitionSet(ast.getPartitions())

8 end
9 Function parseSPLFeatureSet(featureSet) is

10 foreach n ∈ featureSet .getSet().getElements() do
11 n← newCIANode(obj.getName(), NodeType.Feature)
12 ciaGraph.addNode(n)

13 end
14 end
15 Function parseSPLDeltaSet(deltaSet) is
16 foreach n ∈ deltaSet .getSet().getElements() do
17 n← newCIANode(obj.getName(), NodeType.Delta)
18 ciaGraph.addNode(n)

19 end
20 end
21 Function parseSPLProductSet(productsSet) is
22 foreach n ∈ productsSet .getProduct() do
23 addProductNodeAndEdges((ProductImpl)n)
24 end
25 end
26 Function addProductNodeAndEdges(p) is
27 n← newCIANode(p.getName(), NodeType.Product)
28 ciaGraph.addNode(n)
29 // get all the features connected to this product foreach

e ∈ p.getFeatures().getElements() do
30 destinationNode← newCIANode(e.getName())
31 CIAEdgeedge = newCIAEdge(n, destinationNode, EdgeType.Includes)
32 ciaGraph.addEdge(edge)

33 end
34 end
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1 Function parseSPLPartitionSet(partitionsSet) is
2 foreach p ∈ partitionsSet .getPartition() do
3 whenList← partition.getPartition()
4 foreach w ∈ whenList do
5 deltaNodes← parsePartitionDeltas(when)
6 featureNodes← parseFeatureExpression(when.getFeatures())
7 foreach d ∈ deltaNodes do
8 foreach f ∈ featureNodes do
9 e← newCIAEdge(f, d, EdgeType.Comprises)

10 ciaGraph.addEdge(e)

11 end
12 end
13 end
14 end
15 end
16 Function parsePartitionDeltas(when) is
17 InitializedNodes← deltaSet← when.getDeltas().getElements()
18 foreach d ∈ deltaSet do
19 n← newCIANode(d.getName())
20 dNodes.add(n)

21 end
22 return dNodes
23 end
24 Function parseFeatureExpression(f ) is
25 InitializefNodes← if f instanceofPrimary then
26 featureNodes.add(newCIANode(f.getName()))
27 end
28 else
29 fNodes.addAll(parseFeatureExpression(f.getLeft()))
30 fNodes.addAll(parseFeatureExpression(f.getRight()))

31 end
32 return fNodes
33 end
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Algorithm 2: Pseudocode to parse delta files and add nodes and edges to the graph
1 Function parseDelta() is
2 ciaGraph ← CIAGraph.getInstance()
3 ast ← parseDeltaFile()
4 parseDelta(ast.getDelta())

5 end
6 Function parseDelta(deltaList) is
7 foreach n ∈ deltaList do
8 n← newCIANode(n.getName(), NodeType.Delta)
9 deltaActionList← d.getDeltaActions()

10 parseDeltaAction(deltaActionList)

11 end
12 end
13 Function parseDeltaAction(dActionList) is
14 foreach dAction ∈ dActionList do
15 if dAction instanceof AddsUnit then
16 parseAddsUnit(dAction)
17 end
18 else if dAction instanceof ModifiesUnit then
19 parseModifiesUnit(dAction)
20 end
21 else
22 parseRemovesUnit(dAction)
23 end
24 end
25 end
26 Function parseAddsUnit(dAction) is
27 n← newCIANode(dAction.getName(), NodeType.Class)
28 e← newCIAEdge(node, parentNode, EdgeType.Adds)
29 ciaGraph.adNode(n)
30 ciaGraph.addEdge(e)

31 end
32 Function parseModifiesUnit(dAction) is
33 n← newCIANode(dAction.getName(), NodeType.Class)
34 e← newCIAEdge(parentNode, node, EdgeType.Modifies)
35 ciaGraph.adNode(n)
36 ciaGraph.addEdge(e)
37 parseModifiesClassMembers(dAction.getModifiesClassMembers)

38 end
39 Function parseRemovesUnit(dAction) is
40 n← newCIANode(dAction.getName(), NodeType.Class)
41 e← newCIAEdge(parentNode, node, EdgeType.removes)
42 ciaGraph.adNode(n)
43 ciaGraph.addEdge(e)

44 end
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Algorithm 3: Pseudocode for CIAV isitor class to parse Java compilation units inside
delta files and add nodes and edges to the graph
1 Function CIAVisitor(parserOptions) is
2 ciaGraph ← CIAGraph.getInstance()
3 this.parserOptions← parserOptions

4 end
5 Function visit(importDec) is
6 n←

newCIANode(importDec.getName().getFullyQualifiedName(), NodeType.Imports)

7 e← newCIAEdge(importDec, parentNode, EdgeType.Imports)
8 ciaGraph.adNode(n)
9 ciaGraph.addEdge(e)

10 end
11 Function visit(variableDeclarationStatement) is
12 foreach n ∈ variableDeclarationStatement do
13 b← n.resolveBinding()
14 n←

newCIANode(b.getV ariableDec().getType().getQualifiedName(), NodeType.Class)

15 e← newCIAEdge(n, parentNode, EdgeType.References)
16 ciaGraph.adNode(n)
17 ciaGraph.addEdge(e)

18 end
19 end
20 Function visit(typeDec) is
21 n←

newCIANode(typeDec.getName().getFullyQualifiedName(), NodeType.Class)

22 e1← newCIAEdge(parentNode, typeDec, parserOptions.getEdgeType())
23 e2←

newCIAEdge(typeDec, parentNode, parserOptions.getEdgeType().reverse)
24 ciaGraph.adNode(n)
25 ciaGraph.addEdge(e1)
26 ciaGraph.addEdge(e2)

27 end
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1 Function visit(enumDec) is
2 n←

newCIANode(enumDec.getName().getFullyQualifiedName(), NodeType.Enum)

3 e1← newCIAEdge(parentNode, enumDec, parserOptions.getEdgeType())
4 e2←

newCIAEdge(enumDec, parentNode, parserOptions.getEdgeType().reverse)
5 ciaGraph.adNode(n)
6 ciaGraph.addEdge(e1)
7 ciaGraph.addEdge(e2)

8 end
9 Function visit(methodDec) is

10 if Configuration.parseMethods then
11 bM ← methodDec.resolveBinding()
12 nM ←

newCIANode(bM.getName().getFullyQualifiedName(), NodeType.Method)

13 eM ← newCIAEdge(parentNode,methodDec, EdgeType.Includes)
14 ciaGraph.adNode(nM)
15 ciaGraph.addEdge(eM)
16 foreach n ∈ methodDec.parameters() do
17 var ← (SingleV ariableDeclaration)n.next()
18 b← var.resolveBinding()
19 n←

newCIANode(b.getV ariableDec().getType().getQualifiedName(), NodeType.Class)

20 e← newCIAEdge(n, parentNode, EdgeType.References)
21 ciaGraph.adNode(n)
22 ciaGraph.addEdge(e)

23 end
24 end
25 end

52



 

1. Parse 

SPL file 
Delta 
files 

Version 
control 
history 

ASTs 

2. Construct 
graph 

Graph 

3. Add 
probabilities 

Annotated 

graph 

4. Calculate 
change impact 

Initial 

changes 

Estimated 

change impact 

set 

Default 

value 

Figure 4.4: Methodology to construct dependency graphs and calculate estimated change impact
sets.

Step 1. Locate the SPL and delta files, and leverage the parsers mentioned earlier in Section 4.1.2.

Step 2. The directed graph is constructed based on the semantically annotated ASTs. The graph

nodes could be Products, Features, Deltas, Classes, Methods, or Fields, based on the delta and SPL

files. Directed edges are added between the nodes, and their types are mentioned in Section 4.1.2.

Step 3. We add probabilities of propagation for each edge. Probabilities can be calculated on

the basis of historical records gleaned from a version control system; we describe this process in

Section 4.2. A default value (e.g., 1.0 or 0.5) is configured for use in the absence of better values,

such as cases when there is no history to leverage. As a result, the directed graph will now have

every edge annotated with a probability.

Step 4. The approach is now ready to compute an estimated change impact set. Initial changes are

provided as an input set ICS . To support RTE, the initial set could be either products, features,

deltas, classes, methods, or fields. For all nodes vi ∈ ICS , the probability that the node is impacted

is 1. For all other nodes vj 6∈ ICS , the probability of impact will be the highest probability of
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impact arising from all paths in the graph from any node in ICS to vj . The probability of the

impact on any specific path is computed as the product of the local probabilities annotating the

edges in that path. Let P be the set of all paths in the graph. Consider a path p = vi, v1, v2, . . . , vj:

Pr(vj) | p =
∏

(s,t)∈ p

prst, (4.1)

where prst represents the local probability of propagation from node s to node t over the edge

(s, t). Then

Pr(vj) = max
p∈P

( Pr(vj) | p ) , (4.2)

The algorithm used to calculate the CIA is presented in Algorithm 4. The seed, the initial

set initialSet , the graph constructed g, and the probability p are passed to the method cia. The

affectedSet is initialized with initialSet , the seed, to include them as part of the affected set. Then

the method ciaHelper is called with the affectedSet, the graph g, and the probability p (the cut-off

probability). This method resets all the visited nodes in the graph g with false, then loops over

all the nodes that belong to the affectedSet and calls the method dependent. The dependent method

takes the following parameters: the graph (g), the node we want to check its dependencies (n), and

the probability (p). In that method, we create a local variable acc which is initialized with 1, and

will be used to accumulate the product of the local probabilities annotating the edges in that path.

We loop over all the edges for that node, and if not visited, we calculate the propagated probability

and add all the target nodes connected to the node (n) to the list of nodes (S) that have accumulative

probability (acc) higher than p. We then set that node as visited. After finishing all the edges for

that node, the list of the dependent nodes in S are added to affectedSet. This logic is following

depth-first search (DFS) and after the method cia finishes, the affected set will be calculated.

For simple acyclic graphs, this maximum can be obtained through a classic depth first search

procedure. For more complex graphs, a modified version of Dijkstra’s algorithm as described by

Walker et al. [2006], can be used; they use priority queues based on Fibonacci heaps to reduce the

running time from O(|V |2) to O( (|E|+ |V |) log |V | ), where V is the number of vertices and E is
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the number of edges. The details of their approach are described in Section 7.4.

Algorithm 4: CIA algorithm to identify the affected set based on a seed
1 Function cia(initialSet , g, p) is
2 affectedSet ← initialSet
3 return ciaHelper(affectedSet , g, p)
4 end
5 Function ciaHelper(affectedSet , g, p) is
6 resetVisited(g)
7 foreach node ∈ affectedSet do
8 return dependent(g, n, p)
9 end

10 end
11 Function dependent(g, n, p) is
12 acc← 1
13 Initialize S ← {}
14 foreach e ∈ InEdges [n] do
15 if node.Visited then
16 continue
17 end
18 acc← Weight[e] ∗ dependent(g, sink [e],p)
19 if acc > p then
20 S ← S ∪ sink [e]
21 visited [n]← true

22 end
23 end
24 affectedSet .add(S)
25 return acc
26 end

4.2 Probability annotations from history

We continued experimenting with different approaches to incorporate the source code history in

constructing the graph before each analysis.

The first approach is implemented by counting the number of commits (the “occurrences”) in

which the artifact represented by each node, is involved; we refer to this as a commit of the node,

to simplify the language. For each edge in the graph, we are interested in determining the commit
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count for the node at either end of the edge, and the count of commits in which both nodes are

committed together. Consider an edge (p, q): the number of co-commits of p and q must always

be less than or equal to the number of commits of each node, p and q. We thus take the quotient

of these two values and consider it to be the local probability of propagation over that edge, by

replacing the default value added in step 3, mentioned earlier in Section 4.1.3. We also allow for

co-commits of nodes for which an edge does not currently appear in the graph; these edges are

then added as associatesWith relationships and the procedure continues as normally.

The second approach is heuristic in nature, adjusting the weight on each edge to be initially 0.5.

In the case of a Git commit for which there is already an edge between the nodes, we increment it

by 0.2, identifying the changed code files in each commit with a ceiling of 1. If there is no edge,

we ignore the Git history for both two nodes. We chose 0.2 as it resembles the borderline between

little/some impact as indicated by Paskevicius et al. [2012]. They proposed probabilistic values as

a benchmark to evaluate the effect of a change to a feature in the FMs as shown in Table 4.1. This

benchmark was not tested on the corresponding source code for those features. However, we used

it as a starting point to evaluate the effect of the heuristics on the approach.

The practical value proposition of both approaches is to emphasize on the nodes that will be

highly impacted by a change.

Table 4.1: Changeability values as proposed by [Paskevicius et al., 2012]

Changeability value Changeability evaluation

0.0-0.2 little impact
0.2-0.4 some impact
0.4-0.6 considerable impact
0.6-0.8 significant impact
0.8-1.0 very significant impact
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4.3 CIAHelper

CIAHelper is implemented in Java as a standalone application. It leverages Xtext for parsing

both the deltaj and SPL files, and JDT for parsing the Java code snippets inside the deltas as

mentioned earlier in Section 4.1.3. The input for CIAHelper is the src folder for the DOP project,

which contains the deltaj files, and the SPL one, and the source code history folder in the .git

folder. Figure 4.5 represents the class diagram for modelling the dependencies in CIAHelper.

CIAHelper starts the process by parsing the inputs and generate the dependency graph in memory

during runtime, which we refer to as the CIAGraph. CIAGraph is composed of multiple CIANode

and CIAEdge instances. CIANode models the products, features, deltas, and classes. Based on the

file extension during the modelling process, DeltaJParser or SPLParser gets loaded based on the

corresponding Xtext grammar. The grammars are fed into Xtext beforehand and can be accessed

from DeltaJInjector and SPLInjector, respectively. CIAEdge represents the dependencies between

the different nodes. Modelling the relations extracted is following the same rules specified in

Section 4.1.1, such that they are modelled according to the traversal of the SPL file and the delta

files.

For source code history, we use jGit API 3, a Java implementation of the Git version control

system. We use jGit to traverse the tree commit and extract the diffs between each two consecutive

commits. As Git tracks the changes on file levels, We use the changed file names and search

for their corresponding nodes in the CIAGraph for both the deltaj files, and the final Java code

generated for the products. We perform cleanups to the file names extracted from jGit to ensure

matching them with nodes in the CIAGraph, such that the fully qualified location is returned and

the file extension. We focus only on files with extensions .deltaj and .java, for delta files and the

final products generated, respectively. For such files, we remove the complete path and return only

the file names in case of delta files, returning both the product and file names in case of Java files.

If a match is found in the CIAGraph, an edge is either created or annotated based on the selected

configuration of source code history annotations mentioned in Section 4.2. If no match is found,

3https://www.eclipse.org/jgit/
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the file is ignored.

Figure 4.5: Class diagram for modelling dependencies in CIAHelper.

The impacted set is calculated via a standard depth-first search (DFS) algorithm. Two sets are

manipulated: the working set and the impacted set. Initially, the seed set is copied to the working

set. Then, the first node in the working set is removed. If it is already marked as visited, it is

ignored; otherwise it is marked as visited, added to the impacted set, and the target nodes of each

of its outbound edges are added to the working set. The algorithm halts when the working set is

empty.

In order to present the graph visually, we use Gephi4. Red nodes represent classes or imports

such as org.lsmr.DPL.Canvas and java.lang.String. Blue nodes represent products, such as V0P1,

while green nodes represent deltas. Edges between nodes correspond to the relationships supported

in the dependency graph model. Each node can have multiple edges coming in and out. We use
4https://gephi.org/
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the Gephi Java toolkit to export the graph from CIAHelper; an example is shown in Figure 4.6 in

which the edge labels have been suppressed. For identifying an impact of a change on the SPL, we

start by identifying an initial set of changes (seed), either a list of classes, nodes, features, products,

or a combination, and the CIA Agent extracts from the graph the affected set.

Figure 4.6: Exported Gephi graph.

To facilitate the execution of CIA, we added a GUI for CIAHelper. Figure 4.7 shows the input,

configuration and results panels. The input panel is used to set: (1) Input Data, which represents the

delta and SPL files locations; (2) Initial Set, a comma separated field used to include the initial set,

which could include a subset of: products, features, deltas, classes, methods, or fields; (3) Git URL,
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which represents the location of the . git folder for the source code history. For the configuration

panel, it contains the booleans for including/excluding Git history, VM, Methods, Deltas. Once all

the configurations are set, the Run button is used to start generating the graph and calculating the

CIA. The results panel displays the output of the execution, which is a list of affected nodes in the

graph. As shown in Figure 4.8, the square box with letter “C” in the middle represents a class, a

triangle represents a delta, a square with letter “P” represents a product; and in case of methods

gets selected, they are represented as circles with letter “M” in the middle.

Figure 4.7: CIAHelper results.

Figure 4.8: CIAHelper result panel types.

4.4 Summary

In this chapter, we explained our novel approach for applying CIA by extracting the dependencies

within the SPL. To answer RQ3, we construct a directed dependency graph based on the extracted
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products, features, deltas, classes, methods and fields by capturing and modelling such dependen-

cies extracted through analyzing the semantics of the code artifacts and the VM. We utilize both

model-to-code and code-to-model directions when identifying the impacted set to ensure including

all the prone products, features, deltas, classes, methods or fields. We designed and implemented

our approach in a prototype tool named CIAHelper.

61



Chapter 5

CIAHelper Evaluation - CIA Case Studies

To evaluate our approach presented in Chapter 4, we are interested in addressing these research

questions:

RQ4. How well does the approach work in terms of precision and recall?

RQ5. What is the impact of including source code history and which probability an-

notation works best?

RQ6. How accurate is the approach in scenarios where changes could be initiated from

either the VM or the source code?

In this chapter, we attempt to answer the above mentioned research questions. We organize the

chapter as follows: Section 5.1 discusses the challenges and our proposed solutions for evaluating

CIAHelper; Sections 5.2 discuss the case studies we designed to evaluate CIAHelper; Section 5.3

discusses the case studies designed to evaluate how the approach can improve the support for RTE

by calculating the CIA initiated either from the models or the source code; Section 5.4 discusses

the threats to validity of the case studies.
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5.1 CIA evaluation challenges

Three challenges arose in answering these research questions: (1) a lack of industrial-scale, open-

source SPLs written in DOP; and (2) a lack of data as to what the correct change impact sets were;

(3) a lack of comparable approaches. We discuss how we rose to meet these challenges, prior to

discussing the case studies and experiments we performed.

5.1.1 Finding open-source SPLs in DOP

The first challenge is finding open-source SPLs written in DOP. We came across only one SPL,

ElevatorSPL1. It is an SPL for mimicking the functionalities needed for an elevator such as the

number of people that can be lifted, number of floors, calling mechanism ... etc. It consists of

6 features, 9 deltas, 6 partitions and 16 products. In addition, Martinez et al. [2017] created a com-

prehensive catalogue of case studies and artifacts related to extractive SPL adoption, i.e., building

SPLs from existing artifacts. Within that catalogue we did not find DOP-based SPLs; however, we

came across multiple ones written in Java. We chose one of these: Drawing Product Line (DPL),

an SPL for drawing lines, rectangles, changing colours, etc., developed by Fischer et al. [2014];

we migrated its codebase from separate single products into a DOP implementation2 consisting of

10 features, 22 deltas, 14 partitions, and 9 products. We also used a vending machine simulator

(VMS)3, which we have used previously [Hamza et al., 2017], consisting of three different prod-

ucts simulating different functionalities of a vending machine, i.e., accepting coins, dispensing

products, etc. The DOP-based SPL consists of 12 features, 58 deltas, and 11 partitions. The FMs

for the three SPLs are shown in Figure 5.1. They were created by using FeatureIDE4 (an Eclipse

plugin for feature oriented software development including DOP).

The features in ElevatorSPL are: Core, a mandatory feature, which includes the following for

an elevator to function: Elevator, Environment, Floor and Person. Empty is a feature to reset all
1https://github.com/sebkunze/DeltaJ-examples
2https://bitbucket.org/hamzawey/dpl_dop
3https://bitbucket.org/hamzawey/vms_dop/
4http://wwwiti.cs.uni-magdeburg.de/iti_db/research/featureide/
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Figure 5.1: FM for the ElevatorSPL, VMS, and DPL SPLs.

the buttons inside the elevator, i.e. all the riders left the elevator and it is in idle mode. Weight is a

feature that keeps track of the riders’ weights’, sets the maximum, minimum and threshold weights

for the elevator and notify the riders in case of reaching the threshold. ExecutiveFloor, a feature

that specifies if an elevator serves an executive floor or not. In case an executive floor is calling, the

priority will be for that floor. Overloaded feature is to keep the elevator doors opened in case the

weight is more than the maximum weight the elevator can handle. Finally, TwoThirdsFull feature

is to ignore any calls from floors in the same direction the elevator is heading if the weight is more

than the threshold.

The code assets for ElevatorSPL include the following classes: Elevator, Environment, Floor and
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Person. Elevator is the main driver and it contains the logic and functionalities that the elevator needs

to operate. Environment is responsible for setting and getting the number of floors and checking if

a floor is a top floor or not. Person is used for the elevator riders, gets/sets the person’s weight,

destination floor, and tracks if the destination is reached or not.

The features in DPL are: Canvas, an abstract feature (an abstract feature is used to organize the

FM without affecting the implementation [Thum et al., 2011]), which has the two alternatives Can-

vasFilled and CanvasNotFilled, representing whether the drawing area will be filled with a solid

colour or not. The optional Line and Rectangle features are drawing elements. Drawn rectangles

could be either filled or not, by selecting one of the features RectangleFilled or RectangleNotFilled.

The mandatory Main feature is the main program that contains the canvas, the drawing area, and

the controls. The Color feature is used to allow the user to select different colours for drawing

while the Wipe feature is used to clear all the drawings from the drawing area.

The code assets for DPL include the following classes: Main, Canvas, Component, Line, Rectangle

, Wipe, and Color. The Main class extends JFrame, and it is responsible for initializing the different

components that will appear in the main frame. The Canvas class creates the drawing area to be

used by the products’ users. The Line and Rectangle classes implement their corresponding fea-

tures to support drawing lines and rectangles. The Color class handles the changes in colours while

drawing and the Wipe class is responsible for resetting the canvas, clearing all the drawings.

The features included in VMS are: the FrontEnd feature which consists of two mandatory

features, Parser and ScriptProcessor. The Parser parses input coins while ScriptProcessor takes

input from a simulated user via a simple scripting language (e.g., for testing purposes). The De-

liverable feature is a mandatory feature and consists of the Coins and Pops features. Pops—an

abstract feature—has two alternative features, Pop and PopCan, representing the products that can

be dispensed from a vending machine. The HardwareSimulator feature mimics the hardware func-

tionalities inside a vending machine such as delivery chute, pop can channel, coin rack, etc. The

VendingMachine feature contains two optional features: VendingMachineLogic, which handles the

HardwareSimulator feature, and VendingMachineFactory, which allows a set of scripts to be read
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in, executed, and tested for correctness.

The code assets for VMS are organized into two major packages, frontend and product. The

frontend package contains a script processor class (ScriptProcessor) that takes input from a sim-

ulated user via a simple scripting language, passing it to the Parser, which parses input coins

(Coin instances), and delivers cans of soda pop (Pop instances). The product package contains

a VendingMachineFactory class and a VendingMachine class. VendingMachineFactory allows a set of

scripts to be read in, executed, and tested for correctness while VendingMachine controls loading/un-

loading of coins/pops.

5.1.2 Defining the “correct” answers

In a perfect world, it would be possible to know the truly impacted set arising from a set of initial

changes, perhaps by utilizing an exact but expensive computation (i.e., data-flow analysis [Horwitz

et al., 1990; Brabrand et al., 2013]) against which a cheaper approximation, to areas of potential

impact (i.e., our approach), could be compared. However, static CIA is known to be formally un-

decidable, since it is reducible to static analysis which is itself undecidable [Landi, 1992]. Human

developers are notoriously poor at performing manual CIA, which is why changes can introduce

bugs [Śliwerski et al., 2005] and automated techniques are sought; thus, the use of human devel-

opers as “experts”—oracles for the correct answer—is rather suspect.

However, we chose to utilize actual changes gleaned from a version control system (VCS) as a

sufficient approximation to the actual change impact set. The process to identify the actual changes

starts by implementing the changes derived from the initial impact set. After ensuring that the ex-

pected results are delivered (using test suite), and committed into the VCS, we manually identified

and analyzed the code files, classes, and methods impacted by the change initiated through check-

ing the commit message and the code differences (utilizing Git’s command git-diff 5). In cases

where a developer did not make their changes in complete error, such change sets would be at least

close to the real answer. Other research has utilized such an approach [e.g., Zimmermann et al.,

5https://git-scm.com/docs/git-diff
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2005].

5.1.3 Finding comparable approaches

A comparative evaluation of our approach is challenging since truly comparable tools are lacking.

We considered existing CIA tools that can analyze code assets. JRipples [Buckner et al., 2005] is

a CIA tool that depends on structural dependency between the classes at the code level; however,

it is not sufficient for our analysis as it can analyze only one product, not a product family. In

addition, it does not understand SPL files nor delta files, and it can be applied only on the generated

products, discarding many of the important aspects in an SPL. ImpactMiner6 is another change

impact analysis tool [Dit et al., 2014], based on extracting the evolutionary co-changes from the

source code history and combining them with either static textual analysis or dynamic execution

tracing. However, it also analyzes only one product, and works only with SVN to get the history

of changes.

To approximate a comparable tool, we designed a three-steps process: (1) generate the source

code for individual products; (2) perform CIA with a single-product tool on each for the same initial

changes, and take the union of the answers; and (3) manually determine the estimated impact on the

SPL file and related delta files. For instance, the SPL VMS, mentioned previously in Section 5.1.1,

has three different products. We generated the three products, and we used the single-product

analysis tool on each product separately to get the impacted sets. By taking the union from the

three runs, we will end up with the impacted set identified in the source code. Finally, we add the

delta files altering (adding/modifying/removing) the code files identified in the union-ed set to the

final impacted set.

We were unable to get ImpactMiner to run at all and we had to utilize an old version of Eclipse

to get JRipples to run, since it has apparently not been maintained since 2010. We thus used Eclipse

version 4.2.2. We used methods/fields as the level of details to include in the impacted set. We

refer to this approach as JRipples* since it requires manipulation (the three-steps process) of the

6http://www.cs.wm.edu/semeru/ImpactMiner/
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SPL to obtain meaningful results; if it were to have performed well, the simulation would justify

the development of a real tool reifying the approach.

5.2 Case studies

We designed seven case studies on the three SPLs (DPL, VMS, and ElevatorSPL) mentioned earlier

to evaluate our approach. The case studies are composed of adding, modifying, or refactoring of

features/deltas. The Cases 1–3 represent the changes to DPL: Case 1 modifies and refactors the

Canvas class to remove dead code and to enhance the modularity and efficiency of the code; Case 2

modifies and refactors Main to abstract some of the functionalities to other classes; and Case 3 adds

wipe functionality to the SPL that can be utilized by one of the products. Cases 4 and 5 represent

changes to VMS: Case 4 refactors existing code assets/features by renaming Pop to PopCan for

improved clarity; and Case 5 adds the support of the Cents class to be an alternative configuration

to the existing primitive ints. Cases 6 and 7 represent changes to ElevatorSPL: Case 6 changes the

Weight from being int to double; and Case 7 modifies and refactors Person by removing dead code.

Details of these changes are available online.7,8,9

We considered a total of 5 configurations, for each case study, without involving change his-

tory: (1) VM only; (2) code only; (3) VM, code (classes); (4) VM, code (methods/fields); or

(5) JRipples*. “VM only” means constructing the graph based on the SPL file alone, by extracting

the features, deltas, products, and the relationships among them. “Code only” reflects the content

of the deltas without getting the relationships from the SPL file, based on delta operations on the

different code artifacts. For “VM, code (classes)”, the construction of the graph was based on

both the SPL file and the class-level operations performed in the deltas, plus the relationships be-

tween them. “VM, code (methods/fields)” is similar to “VM, code (classes)” but includes method

definitions, invocations, and fields in the deltas. “JRipples*” corresponds to the explanation in

7https://bitbucket.org/hamzawey/dpl_dop
8https://bitbucket.org/hamzawey/vms_dop/
9https://bitbucket.org/hamzawey/deltajelevator/
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Section 5.1.3.

As a second step, we also considered the effect of adding history on top of the “VM, code

(classes)” configuration, in two additional configurations: (6) VM, code, history (heuristics); or

(7) VM, code, history (occurrences). The two history configurations correspond to the descriptions

in Section 4.2.

5.2.1 Metrics

To allow the results from each configuration to be comparable, we count the number of classes that

are predicted- or actually-impacted; results for method-level configurations are thus lifted to the

class-level. We calculated three measures for each combination of configuration and case relative

to the assumed correct answers (as described in Section 5.1.2). These measures are the traditional

ones from information retrieval (IR), i.e., precision, recall, and F-score. The F-score is also known

as the balanced F-score or F1 score; it is given by Equation 5.1, setting the parameter β to 1,

to measure the harmonic mean of the precision and recall, for the seven cases, by averaging the

reciprocals of both precision and recall, as arithmetic mean can be biased towards higher precision

or recall on the expense of the other.

Fβ = (1 + β2) · Precision ·Recall
β2 · Precision+Recall

(5.1)

5.2.2 CIA analysis tool

In order to calculate the precision, recall and F-score in our previous study [Hamza et al., 2018], we

used Microsoft Excel to count the number of true positives/negatives, and false positives/negatives.

However, it was challenging, and required massive manual intervention. Therefore, we decided to

automate that part in order to facilitate the calculations of the metrics for the case studies. We

implemented an analysis tool, CIA Analysis, that performs the CIA on each case and displays the

results at the end of the run. The input for the automated tool are: (1) a JSON file, containing the

configuration settings for each case needed; and (2) a set of text files, containing the actual changes
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performed. Below is a snippet from the JSON file:

{

" cases " : [

{

"name" : " case 1 " ,

" i n i t i a l S e t " : [ " org . lsmr .DPL. Canvas " ] ,

" actua lResul tsClassesPath " : " . . \ \ canvas_classes . t x t " ,

" parseMethods " : false ,

" i n c l u d e G i t " : false ,

" includeFM " : true ,

" i nc ludeDe l tas " : true ,

" g i t U r l " : " . . \ \ . g i t " ,

" i npu tda ta " : " . . \ \ i npu t_dp l " ,

" g r a n u l a r i t y " : " c lass "

} ]

}

The JSON file consists of an array of cases. Each case has the following: (1) name to iden-

tify the case; (2) initialSet which identifies the initial change set that will be passed to the CIA

approach; (3) actualResultsClassesPath which identifies the path to the text file that contains the

actual results that we are going to compare against to calculate the precision and recall (details to

what is included inside the file will be discussed later); (4) parseMethods, a boolean value used

to either parse the methods or not (for method configuration); (5) includeGit, a boolean to in-

clude/exclude source code history; (6) includeFM, a boolean to include/exclude the VM, i.e., the

SPL file; (7) includeDeltas, a boolean to include/exclude delta files; (8) gitUrl, the URL for the

source code files; (9) inputdata, the location of the delta and SPL files; (10) granularity, specifying

the granularity level (either class- or method-/field-level).

For the actual results, mentioned earlier, they are added into a text file where each line repre-

sents a node that was actually modified. A sample of that file is presented below for case 1. The

deltas dCanvas and dLineCanvas were affected by applying changes to the class org.lsmr.DPL.Canvas
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. Also the products V0P12, V0P3, V1P3, and V1P4 were impacted by such changes. We do not need

to specify the node type in the file as the name of each node is unique across the constructed graph.

dCanvas

org . lsmr .DPL. Canvas

V0P12

V0P3

V1P3

V1P4

dLineCanvas

The logic used in the analysis starts by loading the JSON file and reads each case from the array

of cases. Based on the configurations in each case, the CIAHelper tool is used to generate the graph

and return the affected set. Then, it compares the results with the ones in the actual text files and

calculates the false positives, false negatives, and true positives, which are used to calculate the

precision, recall, and F-score. For the “method CIA and class granularity” configuration, we use

Java reflections on the final generated Java code to get all the methods inside the classes as being

part of the affected set.

5.2.3 Results

To answer RQ4, we examined the results, presented in Table 5.1; the maxima of the mean, for

each of the three measures, is shown in bold. We also calculated the mean and standard deviation

over the seven cases, for each combination of configuration and measure. The precision for “VM

only” scored the highest (0.85) of all the configurations; however, it has poor recall (0.43) and poor

F-score (0.50), not surprisingly since it cannot take into account low-level dependencies within the

implementation that increase the ripple effect, i.e., it is taking into consideration only the products,

features, deltas, and the relationships among them from the SPL file without including the classes,

methods, or fields implemented in the deltaj files. For “code only”, the precision and recall were the

least (0.21) and (0.42), respectively, resulting in a low F-score (0.25); without leveraging model-

level knowledge, interactions between many artifacts are missed and false positives arise. Also, we
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focused only on class level (not methods/fields) for “code only” as it scored the lowest in the three

metrics: precision, recall, and F-score, compared to the others. So, we decided to move forward

with the other configurations. For “VM, code (classes)”, the precision was low (0.42) but the recall

was high (0.96), resulting in better F-score (0.52); adding probabilities on the edges here holds

out the hope of improving the precision by limiting the number of prone items in the calculated

impacted set. For “VM, code (methods/fields)”, the recall was maximal (0.98) but the precision

was low (0.32), and thus the F-score was low too (0.44); again, adding probabilities could improve

the precision and thus the F-score. Our explanation for low precision for both “VM, code (classes)”

and “VM, code (methods/fields)” configurations is that the calculated impacted set will include all

the related nodes regardless the actual changes are going to affect them or not. For “JRipples*”, we

see reasonably good precision (0.74) but low recall (0.47), resulting in the highest F-score (0.56),

slightly higher than “VM, code (classes)”; however, it requires manual intervention to applying

model-level knowledge on each product separately and combine the results.

We added the standard deviation to each metric, in Table 5.1, to show how the case studies

spread around the mean. For instance, the configuration “VM, code (methods/fields)” has standard

deviations of (0.21), (0.03), and (0.23) for the precision, recall, and F-score.

Consider Case 2 for a deeper examination of the results of our approach for “VM, code

(classes)” configuration. The rationale behind applying that change was to modify the existing

delta dMain that would improve the code quality and increase the modularity. The initial change

set consists of dMain. The delta dWipe is prone to changes as the wipe functionality is part of

Component class. To identify classes, we used the fully qualified name (such as org.lsmr.DPL.

Component). Canvas, Line and Rectangle features are also prone to changes as the Main class (cre-

ated by dMain) initializes the controllers for drawing the different shapes. Therefore, the impacted

set will include the following classes: org.lsmr.DPL.FigureTypes, org.lsmr.DPL.Rectangle, org.lsmr.

DPL.Line, org.lsmr.DPL.Main, and org.lsmr.DPL.Canvas. However, the actual changes were applied

to org.lsmr.DPL.Component, org.lsmr.DPL.Main, and org.lsmr.DPL.Canvas. Also, the deltas that added

or modified those classes will be prone to changes; the identified impacts corresponding to actual
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changes (i.e., true positives) were: dLineRectangleColor, dLineRectangleFilled, dRectangleLine-

Main, dRectangleMain, and dRectangleColor; the identified impacts not corresponding to actual

changes (i.e., false positives) were: dLine, dRectangle, dCanvas, dFigureTypes, dRectangleFilled,

dLineMain, dRectangleCanvas, dLineCanvas, dRectangleLineCanvas, and dRectangleColorFill.

The products V0P12, V0P1, V0P2, V0P3, V1P2, V1P3, V0P4, V1P4, and V1P5 will also be af-

fected by such a change because the Main feature is a mandatory one in the SPL. The rest of the

cases can be examined in detail in Appendix C.

To answer RQ5, we show the results with history added to the “VM, code (classes)” configu-

ration, in Table 5.2, in terms of the same three measures. We applied it only on the first five cases,

as ElevatorSPL did not have any source code history to leverage. We see improvement for both

history configurations over the base results for “VM, code (classes)” in all three measures. For

“VM, code, history (heuristics)” the F-score increased from 0.38 to 0.53; for “VM, code, history

(occurrences)” the F-score slightly decreased (to 0.37), however, the recall increased from 0.97 to

0.99, while it decreased to 0.46 for “VM, code, history (heuristics)”. The precision for “VM, code,

history (heuristics)” increased from 0.25 to 0.83. These results suggest that actually weighing

the edges for probabilistic propagation (either heuristics or occurrences) are a major benefit. For

Heuristic configuration, we measured 58% and 15% increases in precision, and F-Score, respec-

tively, over non-history configuration. That the heuristic approach performed better in precision

than the propagations based on occurrences seems counter-intuitive until one realizes that there

was little history to analyze; this is the cold-start problem, well known to the mining software

repositories community [Robillard et al., 2010]. We discuss future paths to address this issue in

Section 5.4.

We counted the nodes and edges created for all 6 configurations of CIAHelper (these details

are internal to JRipples* so we do not include it) relative to the three SPLs under study. The results

are shown in Table 5.3. We can see that “VM only” and “code only” have small node counts,

consistent with the fact that they are unable to detect impact on entities outside their specialization.

“VM, code (classes)” unites the properties of “VM only” and “code only” leading to larger counts
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Table 5.2: Metrics for alternative history configurations.

Project Case
VM, code VM, code, history VM, code, history
(Classes) (heuristics) (occurrences)

P R F P R F P R F

DPL
1 0.17 1.00 0.29 0.50 0.83 0.62 0.21 1.00 0.35
2 0.54 1.00 0.70 1.00 0.58 0.73 0.60 0.95 0.74
3 0.14 1.00 0.25 1.00 0.60 0.75 0.19 1.00 0.32

VMS
4 0.27 0.94 0.42 0.67 0.11 0.19 0.17 1.00 0.29
5 0.15 0.90 0.26 1.00 0.20 0.33 0.10 1.00 0.18

mean 0.25 0.97 0.38 0.83 0.46 0.53 0.25 0.99 0.37
st. dev. 0.17 0.05 0.19 0.24 0.30 0.25 0.20 0.02 0.21

but generally less than the sum of the counts for those two configurations, due to the fact that the

VM entities and implementation entities overlap. Moving to the method/field granularity we see

significant increases in both counts, pointing to potential scalability problems. The two history

configurations have the node counts identical to “VM, code (classes)”; the edge counts are also

identical between “VM, code (classes)” and “VM, code, history (heuristics)” but the “VM, code,

history (occurrences)” configuration adds significant numbers of edges (except for ElevatorSPL,

as there was no history detected) due to co-committed files without structural relationships already

represented in the dependency graph; this will tend to lead to larger numbers of false positives

due to the fact that coincidental co-commits will lead to false dependencies being added to the

graph. This problem and its complex yet unsatisfying solutions, including the demand of perfect

separation plus completeness within every commit, have been argued previously in the mining

software repositories community [Zimmermann et al., 2004, 2006; Johnson and Welch, 2013].

5.3 RTE case study

To answer RQ6, we need to evaluate how CIAHelper could support RTE by examining how our

approach will perform when the initial set is either model, deltas or generated code (final products).

Therefore, we used the same case studies mentioned earlier in Section 5.2. However, we used
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Table 5.3: Summary of extracted nodes and edges for the case studies.

VM
only

Code
only

VM, VM, code
(methods/

fields)

VM, code,
history

(occurrences)

VM, code,
history

(heuristics)
Project Metric code

(classes)

DPL
# nodes 37 35 51 119 51 51
# edges 75 103 178 489 552 178

VMS
# nodes 73 125 140 565 140 140
# edges 88 304 392 2052 10126 392

ElevatorSPL
# nodes 30 14 35 88 35 35
# edges 68 27 95 276 95 95

different configurations, such that: a configuration could either be class-based or method-based, i.e.

calculating the CIA based on class- or method-/field-level, and parsing the code artifacts at class-

vs. method-/field-level granularities. This resulted in four different categories to compare against

each other: class CIA/granularity, method CIA/granularity, method CIA - class granularity, and

class CIA - method granularity. We compared the results against the same actual results identified

earlier in Section 5.2, i.e., the actual classes/methods/fields that were changed, through performing

Git diffs.

We calculated a total of three measures for each direction (code-to-model and model-to-code)

and combination of configuration and case relative to the actuals; all are traditional measures from

information retrieval (IR): precision, recall, and F-score as mentioned earlier in Section 5.2.1.

5.3.1 Results

Tables 5.4 and 5.5 show the results for the precision, recall, and F-score for each of the cases in

both directions code-to-model and model-to-code; the maxima of the mean, for each of the three

measures, is shown in bold. We also calculated the mean and standard deviation over the seven

cases, similar to the previous study, for each combination of configuration and measure. To create

the initial set for the code-to-model direction, we identified the first class, method, or field that was

directly impacted by the initial set in the model-to-code direction.
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Table 5.4: Precision (P), recall (R), and F-score (F) for the 7 cases for class configuration, relative
to the approach used.

Class CIA - Class CIA -
Class Granularity Method Granularity

Project Case
Model-to-code Code-to-model Model-to-code Code-to-model

P R F P R F P R F P R F

DPL
1 0.17 1.00 0.29 0.17 1.00 0.29 0.09 0.86 0.16 0.09 0.86 0.16
2 0.54 1.00 0.70 0.54 1.00 0.70 0.28 0.90 0.43 0.26 0.89 0.40
3 0.14 0.83 0.24 0.14 0.83 0.24 0.07 0.56 0.12 0.07 0.56 0.12

VMS
4 0.27 0.94 0.42 0.27 0.94 0.42 0.07 0.67 0.13 0.07 0.67 0.13
5 0.15 0.90 0.26 0.15 0.90 0.26 0.09 0.62 0.16 0.09 0.71 0.16

ElevatorSPL
6 0.67 0.95 0.79 0.67 0.95 0.79 0.28 0.86 0.42 0.27 0.85 0.41
7 1.00 0.94 0.97 1.00 0.94 0.97 0.68 0.89 0.77 0.68 0.89 0.77

mean 0.42 0.96 0.52 0.42 0.96 0.52 0.22 0.77 0.31 0.22 0.78 0.31
standard deviation 0.33 0.04 0.29 0.33 0.04 0.29 0.22 0.14 0.24 0.22 0.13 0.24

Table 5.5: Precision (P), recall (R), and F-score (F) for the 7 cases for method configuration,
relative to the approach used.

Method CIA - Method CIA -
Method Granularity Class Granularity

Project Case
Model-to-code Code-to-model Model-to-code Code-to-model

P R F P R F P R F P R F

DPL
1 0.09 1.00 0.17 0.09 1.00 0.17 0.14 1.00 0.25 0.16 1.00 0.28
2 0.26 1.00 0.41 0.24 1.00 0.39 0.45 1.00 0.62 0.45 1.00 0.62
3 0.11 1.00 0.20 0.11 1.00 0.20 0.16 1.00 0.28 0.18 1.00 0.31

VMS
4 0.06 1.00 0.11 0.06 1.00 0.11 0.20 1.00 0.33 0.20 1.00 0.33
5 0.08 0.93 0.15 0.08 0.93 0.15 0.10 1.00 0.18 0.09 1.00 0.17

ElevatorSPL
6 0.26 0.86 0.40 0.25 0.85 0.39 0.61 0.95 0.74 0.60 0.95 0.74
7 0.24 0.89 0.38 0.23 0.89 0.37 0.53 0.94 0.68 0.53 0.94 0.68

mean 0.16 0.95 0.26 0.15 0.95 0.25 0.31 0.98 0.44 0.32 0.98 0.44
standard deviation 0.09 0.06 0.13 0.08 0.06 0.12 0.21 0.03 0.23 0.20 0.03 0.23
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The “class CIA - class granularity” configuration returned the highest averages for precision

and F-score for both directions, model-to-code and code-to-model. The mean for precision, re-

call and F-score were (0.42), (0.96), and (0.52) for both directions, respectively. By adding the

methods/fields to the picture, we noticed minor differences in the metrics between both directions.

This is due to the SPL file (VM) does not have direct relations to the methods, hence, slightly

more/less nodes either included/excluded in/from the impacted set. For the “method CIA - class

granularity” configuration, the recall achieved was the highest (0.98) because parsing the methods

and fields returned more nodes that are prone to changes; However, “method CIA - method granu-

larity” configuration returned recall of (0.95) for both directions, but the lowest precision of (0.16

for model-to-code, and 0.15 for code-to-model). Similarly, the last category “class CIA - method

granularity” returned low precision, recall, and F-score of (0.22), (0.77 for model-to-code, and 0.78

for code-to-model), and (0.31), respectively. The latter configurations returned low measurements

because we mark all the methods/fields inside a class to be prone to changes. So to conclude our

analysis, “class CIA - class granularity” returns, in general, higher results than the other categories.

Table 5.6 shows the results with history added to the “class CIA - class granularity” config-

uration, in terms of the same three measures for both approaches “occurrences” and “heuristics”

discussed earlier in Section 4.2. We averaged both model-to-code and code-to-model to measure

both directional. We focus only on the first five cases as the last two cases do not have history.

We see improvement for history configuration “occurrences” over the base results for “Class CIA

- Class Granularity” in the recall (increase from 0.96 to 1.00); for “heuristics” approach, precision

increased from (0.42 to 0.68). However, the F-score for both history configurations was lower than

“Class CIA - Class Granularity”, (0.24) and (0.46) for “occurrences” and “heuristics”, respectively.

5.4 Threats to validity

As these case studies are on relatively three small SPLs, our conclusions might not generalize.

The lack of directly comparable tools forced us to simulate one, but our simulation may not have
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Table 5.6: Metrics for alternative history configurations.

VM, Code, History VM, Code, History
(occurrences) (heuristics)

Project CASE P R F P R F

DPL
1 0.20 1.00 0.33 0.40 0.92 0.54
2 0.57 0.98 0.72 0.93 0.74 0.80
3 0.18 1.00 0.30 0.55 0.50 0.46

VMS
4 0.17 1.00 0.29 0.67 0.11 0.19
5 0.10 1.00 0.18 0.84 0.20 0.32

mean 0.24 1.00 0.36 0.68 0.49 0.46
standard deviation 0.19 0.01 0.21 0.27 0.35 0.27

represented the best use of the approach underlying JRipples. To mitigate this risk, our choice of

quantitative metrics (precision, recall, and F-score) focuses on minimizing the bias towards our

approach.

We have seen that the combination of both VM and code artifacts enhances CIA to arrive at bet-

ter results, and adding data from the change history could improve the results even more. However,

the case studies we worked on have a limited number of commits (10–15 commits per SPL for DPL

and VMS, and zero commits for ElevatorSPL), leading to results for the non-history configurations

to be relatively weak for precision, and recall, for the occurrences-based, and heuristics-based con-

figurations, respectively. This is referred to as the cold-start problem [Robillard et al., 2010]. The

presence of the heuristics permitted the lack of historical data to be compensated for, which is

a positive aspect, but does not represent a more solid evaluation of the value of version control

history. The only means to overcome this limitation would be to have access to DOP-based SPLs

with more significant histories.

5.5 Summary

In this chapter, we evaluated our proposed approach for CIA in DOP through two case studies on

three different SPLs implemented in DOP.
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In regards to RQ4, the approach works better than JRipples* in configurations combining de-

pendencies from both the variability model and implementation, in terms of recall. In regards to

RQ5, both history configurations showed potential improvement for the three measures, however,

precision and F-score were higher for heuristics-based approach, compared to higher recall for

occurrences-based one. In regards to RQ6, “class CIA - class granularity” achieved the highest

results in terms of precision and F-score, while “method CIA - class granularity” achieved the

highest recall.

We cannot confirm that a specific configuration is a clear winner, however, we think recall

might be more appealing because implementing a change without fully understanding the impact

of applying a change might have severe consequences on the SPL. Therefore, in case an SPL

practitioner/developer wants to increase the granularity, and does not have enough source code

history, then “VM, code (methods/fields)” configuration would be a better approach. However, if

the SPL repository has source code history and want to decrease the granularity, then, “VM, code,

history (occurrences)” configuration would be a better option.
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Chapter 6

CIA Experiment

In this chapter, we empirically attempt to answer the research question:

RQ7. How effective is CIAHelper in helping software developers to perform CIA?

We will go through the experiment design, implementation and results. The chapter is orga-

nized as follows: Section 6.1 discusses the experiment design; Section 6.2 discusses the tasks given

to the participants; Sections 6.3 presents the set of questionnaires filled out by the participants; Sec-

tion 6.4 discusses the study procedure; Sections 6.5 and 6.6 discuss the experiment observations

and the results, respectively. Finally, the remaining issues are addressed in Section 6.7.

Appendix B contains details of the materials given to participants. The conducted, formal

experiment was approved by the Conjoint Faculties Research Ethics Board under the ethics ID

REB18-0239, “Change Impact Analysis in Software Engineering”.

6.1 Study design

Our study involved two treatments on different tasks for each participant on the same SPL. The

“manual treatment” involved performing CIA while solely relying on navigating through the code

base manually. The “tool-assisted (semi-manual) treatment” involved performing CIA manually

81



but, relying on CIAHelper tool to assist with the identifying of the impacted products/deltas/-

classes. For both treatments, we provided: (1) the SPL implementation: the SPL file, delta files,

and the generated products; and (2) a detailed description of the nature of the change required. To

reduce the study complexity, we proposed relatively small changes; in addition, we did not ask the

participants to implement the changes.

6.2 Tasks

We identified two change request tasks for the DPL system. Those two tasks are inspired by tasks

explained in Section 5.2, as cases 1 and 3. Task 1 adds wipe functionality, a new feature, to the

SPL that can be utilized by one of the products; Task 2 modifies and refactors the delta dCanvas

to remove assumed to be dead code and to perform a limited code refactoring task to enhance the

modularity and efficiency of the code. The detailed description of the tasks, 1 and 2 given to the

participants, is included in Appendices B.2 and B.3

6.2.1 Task 1

Task 1 asks the participants to perform CIA for adding a new feature named Wipe to the DPL. We

explained the business need for such functionality and its importance in the SPL. It is needed to

clear the screen after drawing rectangles and lines. To reduce the complexity of the change and

make sure that the participants can finish the task within the time limits, we provided the new deltaj

file for this task. The deltaj file will be added to the SPL to satisfy the new feature, and it modifies

two classes, Canvas and Main. For the class Canvas, it adds a new wipe method, which clears the

canvas. For the class Main, it adds a new button for the wipe functionality and registers its listeners.

The complete delta file is shown in Appendix B.2.1.

To identify the artifacts that will be affected by adding the new feature, the participants will

need to check the classes, deltas and/or products that might be directly or indirectly dependent on

such a change. The actual set of affected artifacts by such a change are the classes org.lsmr.DPL.
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Canvas and org.lsmr.DPL.Main; and the product V0P12.

6.2.2 Task 2

Task 2 asks the participants to perform CIA for a refactoring task that removes three methods

that are assumed to be dead code, i.e., they need to perform CIA to confirm if such methods

are dead code or not. The methods to be removed from the delta dCanvas are mousePressed-

Line(), mouseDraggedLine(), and mouseReleasedLine(). The affected deltas by such a change will be

dLineCanvas and dRectangleLineCanvas; and the class org.lsmr.DPL.Canvas in the following prod-

ucts: V0P1, V0P2, V1P2, V0P4, and V1P5.

6.3 Questionnaires

A total of four questionnaires were filled by the participants: pre-study, post-tasks and a post-study

one. We designed the pre-study questionnaire to identify the participants’ software development

experience, familiarity with Java, Eclipse IDE and SPLE. We also asked the participants to share

from their experience if they have implemented change requests in the past, the frequency of such

requests, and if they terminated one after starting it. Other questions were to understand the reasons

for terminating such requests, and how they evaluate the feasibility of applying code changes. The

complete list of questions is included in Appendix B.4.

Post-tasks questionnaires are designed to collect feedback from the participants about their

experience working on the task in terms of difficulty level, reasons that made the task easy/hard

from their perspective, and how the used approach helped/hindered them while performing CIA.

The complete list of questions is included in Appendix B.5.

The participants were asked in the post-study questionnaire to provide their final feedback

about both treatments they experienced. The questionnaire contains eight questions: four are Lik-

ert scale questions [Likert, 1932], and four open-ended ones. The Likert scale questions were

asking about the usability of the approach, and its potential use for the tasks completed or similar
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tasks in the future. The scale range consists of “strongly disagree”, “disagree”, “neither agree nor

disagree”, “agree”, and “strongly agree”. For the open-ended questions, they were used to collect

the participants’ experiences and thoughts about both treatments. The complete list of questions

for the final questionnaire is included in Appendix B.6.

6.4 Study procedure

Eight participants took part in our experiment, all of whom were industrial developers with pro-

fessional development experience ranging from 9 to 17 years. The experiment is designed to take

around 2–3 hours, and it has the following modules: (1) a pre-study questionnaire, (2) a training

session, (3) two tasks (each followed by a post-task questionnaire), and (4) a final questionnaire at

the end of the study. We used the Eclipse IDE to run the experiments and the participants recruited

were software developers with a minimum of one year experience in software development in ei-

ther Java or C#. Each participant completed the experiment individually. As shown in Figure 6.1,

the experiment starts with the pre-study questionnaire to identify the participant’s experience level

and familiarity with change requests, followed by a maximum 45-minute training session, divided

into two parts: (1) introduction to SPLE and DOP, where the participant is trained about the DPL

system, how it works, and what its features are; (2) training session, where the participant is asked

to perform a task to make sure s/he is ready to start the experiment tasks. The detailed description

of the training session is provided in Appendix B.1. After finishing the training session, the par-

ticipant performs two different change request tasks on the subject system, one time manually and

the other time using CIAHelper. The detailed description for both tasks can be found in Appen-

dices B.2 and B.3. To eliminate learning bias, we divided the participants into four main blocks

as shown in Table 6.1; i.e., a participant either starts with a tool-assisted treatment then move to a

manual one or vice versa. Each task is designed to take around 30- 60 minutes and the participant is

asked to identify the affected classes/deltas and/or products by a given change applied on the DPL

system. We enforced a time limit of one hour on each task/treatment, and we asked the participants
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to think aloud, communicating any entailed difficulties while performing the CIA. After finishing

each task, s/he is asked to fill a post-study questionnaire to get feedback about the method used to

perform CIA. Finally, s/he is asked to fill a final questionnaire to collect their relative impressions

about the two treatments. The complete text for the post-task and post-study questionnaires can be

found in Appendices B.5 and B.6, respectively.

Figure 6.1: Experiment flowchart.
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Table 6.1: Experimental blocks of performing the tasks.

Block # First Second

1 Task 1 - Manual Task 2 - Tool
2 Task 2 - Manual Task 1 - Tool
3 Task 1 - Tool Task 2 - Manual
4 Task 2 - Tool Task 1 - Manual

Table 6.2: Mapping participants to the experimental blocks.

Experimental block Participant IDs

1 P1, P7
2 P2, P6
3 P3, P5
4 P4, P8

6.5 Observations

The anonymized participants were assigned to the experimental blocks as shown in Table 6.2.

Table 6.3: Time spent by participants on each task and the type of treatment.

Participant
task
First

treatment
First

(min.)
Time

task
Second

treatment
Second

(min.)
Time

(hh:mm)
Total time

P1 Task 1 manual 41 Task 2 tool 55 2:14
P7 Task 1 manual 21 Task 2 tool 43 1:40

P2 Task 2 manual 13 Task 1 tool 17 0:54
P6 Task 2 manual 15 Task 1 tool 34 1:21

P3 Task 1 tool 27 Task 2 manual 18 1:29
P5 Task 1 tool 18 Task 2 manual 30 1:34

P4 Task 2 tool 10 Task 1 manual 38 1:19
P8 Task 2 tool 42 Task 1 manual 52 2:34

Table 6.3 shows the task and type of treatment performed, the time taken by each partici-

pant to complete the task, and the total time they took to finish the whole experiment. A task is

considered completed by a participant when s/he: (1) identifies from his/her perspective all the

products/deltas/classes that will be affected by the given change; and (2) provides enough details
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on why those artifacts will be affected. On average, participants finished the first task in about 23

minutes, the second task in 35 minutes, and the whole experiment in 1 hour and 38 minutes; no

participant hit the time limit.

6.5.1 Manual treatment

For the manual treatment, and regardless of the task given to the participant, s/he started by manu-

ally going through the delta files to identify how the code snippets inside each delta will be affecting

the initial set handed to them, as part of the task description. For task 1, the delta file dWipe, and

for task 2, the delta file dCanvas. Then, the participant moved to the SPL file to link the deltas

to both the features and the products. Then, s/he moved to the generated products, the Java code,

to identify which deltas added/removed/modified which classes within the code, and went through

all the dependencies per product. S/he kept moving back and forth between the deltas, the gener-

ated code, and the SPL file repeatedly to identify the prone artifacts. During the experiment, we

observed that some of the participants, such as P1, kept moving between the files back and forth,

and spent about 10–15 minutes randomly browsing the deltas, and the final generated code. P6

was happy with the manual approach more, and said: "yes, this is the way I prefer [estimating

changes]. I trust nothing more than the code, [not] even the documentation".

6.5.2 Tool-assisted treatment

For the tool-assisted treatment, similar to the manual approach, the participant started to check the

delta files identified in the initial set. Then, s/he moved to CIAHelper to identify the affected list by

going through the list and including the affected artifacts and excluding the ones that are not going

to be affected. Once done with the tool, s/he went back to the product line with a more focused

list of where to look for the affected artifacts and finalizing the affected set. S/he went repeatedly

between the SPL file, the deltas, and the generated code to validate the list. During the experiment,

we captured some of their comments while they were performing the tasks. For example, P1 said:

"oh, I’m more confident now with my results after going through the list. The list is somehow
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confirming my results. Even if some of them are not related to my changes, I can see now why

they are marked for being prone to the described change", while P2 said: "[CIAHelper] opened my

eyes on some relations that I would have never found until I would have implemented the change,

and of course it was going to fail. I would be able to detect them only by debugging". P8 was

wondering why one of the deltas, dLineCanvas, in task 2 is in the list until s/he looked closer and

discovered it is going to be affected, saying: "it was not obvious to me", while P5 was not happy

with the tool, and said: "I do not like switching between the tool and the code to verify each file".

6.6 Results

6.6.1 Participants’ profile

In our recruitment process for participants, we were looking for full-time developers who worked

with Java and/or C# for at least one year in developing large object-oriented software systems, i.e.,

with more than 100 classes. The participants should have experience with planning, estimating

and applying software changes. They must have experience with one of the integrated development

environments (IDE), such as: Eclipse, IntelliJ, or Visual Studio, or any similar tool. In the pre-study

questionnaire, we targeted collecting data about the developers’ languages they use, how many

years of experience they have with Java/C# languages, their day-to-day development IDE, how

often they receive a change request and what are their insights about the feasibility of such requests.

All the developers programming experience ranges from 9–17 years. Six of the participants (P2

and P4–P8) indicated that Java is their daily development language and all of the participants use

an IDE when developing software. All of the participants used Eclipse IDE before. The main

development IDEs they are using are Eclipse, Microsoft Visual Studio, and JetBrains IntelliJ. The

main reasons behind terminating a change request as mentioned by the participants are: (1) not

technically feasible; (2) changes in requirements or project scope; and/or (3) high cost of applying

such changes. Participants mentioned that they evaluate the feasibility of a change through better

understanding of the change and its implications on the existing functionalities, and the time and
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cost needed for it to be planned, implemented, and tested. Six of the participants (P1–P6) indicated

that they get a change request monthly on average, while one participant (P7) mentioned that s/he

gets a change request as frequently as daily. For the participants who worked on change requests,

usually the changes target different components of the software system. All the participants have

never used/worked with SPLs before; however, they have heard the term once or twice, except for

one developer (P6) who has never heard about the term.

6.6.2 Manual vs. tool-assisted treatment evaluation

Manual treatment. Participants mentioned that the main difficulties they faced when completing

the tasks are: (1) going through lots of files; (2) understandability of DOP and lack of familiarity

with it; and (3) the struggle they faced trying to figure out the links between the other deltas and

their features to find out which other product might be affected with those changes. However,

the main reasons that made the task easy when using the manual treatment are: (1) code clarity

and organization; and (2) the presence of the SPL file as it links the deltas with the features and

the products. Two of the participants mentioned that the manual approach hindered them when

performing the task, while four participants mentioned that the manual treatment helped them as

this is the way they have been performing CIA; one participant was not definitive if it helped or

hindered. The main reasons they did not like the manual treatment are: (1) it is time consuming;

and (2) it gives room for missing some of the impacted artifacts.

Tool-assisted treatment. Participants mentioned that the main difficulty they faced when com-

pleting the tasks is the understandability of DOP. However, the reasons that made the task easier

are: (1) CIAHelper as it gave them guidance where to look for impacted artifacts; and (2) the

presence of the SPL file. Six participants mentioned that the tool-assisted treatment helped them

to complete the task, while one participant mentioned that the tool hindered him. Two of the

participants disliked the high number of false positives.

We asked the participants for each task to write down the set of affected artifacts of the given

change. After finishing each experiment, we compared the set provided by the participants against
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the actual changes that could have been performed on the SPL mentioned earlier in the Subsec-

tion 6.2. We compared the precision, recall, and F-score for the manual treatment against the

tool-assisted one as shown in Table 6.4. The three measures for the tool-assisted treatment were

marginally higher than the manual treatment. The average precision was 0.82 for the tool-assisted

treatment compared to 0.79 for the manual treatment. The average for the recall was 0.99 and 0.93

for tool-assisted and manual treatments, respectively. Finally the average for the F-score was 0.89

for the tool-assisted treatment, while it was 0.83 for the manual treatment.

Table 6.4: Precision (P), recall (R), and F-score (F) for the tool-assisted treatment vs. manual
treatment.

Participant
Tool Manual

P R F P R F

P1 0.53 1.00 0.70 0.27 1.00 0.43
P2 0.75 1.00 0.86 0.60 0.75 0.67
P3 0.75 1.00 0.86 0.70 0.88 0.78
P4 0.80 1.00 0.89 1.00 1.00 1.00
P5 1.00 1.00 1.00 1.00 0.91 0.95
P6 1.00 1.00 1.00 1.00 1.00 1.00
P7 0.73 0.89 0.80 0.73 0.89 0.80
P8 1.00 1.00 1.00 1.00 1.00 1.00

mean 0.82 0.99 0.89 0.79 0.93 0.83
standard deviation 0.17 0.04 0.11 0.27 0.09 0.20

We analyzed the results based on the experimental blocks, identified earlier in Table 6.1, such

that the manual treatment is being conducted first against being conducted second, and vice versa

as shown in Table 6.5. The mean for precision, for the same participants, increased from (0.65)

to (0.75) for the manual treatments being conducted first against the tool-assisted being conducted

second, respectively. Similarly, the recall increased from (0.91) to (0.97), and F-score increased

from (0.72) to (0.84). For the participants who started with their tool-assisted treatment first,

the mean for the precision increased from (0.89) to (0.93). This concludes that there might be a

learning effect, such that the participants who started with the either the manual or tool-assisted

treatments first are performing better in their second tasks. However, the mean for recall and F-
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score decreased from (1.00) to (0.95), and from (0.94) to (0.93), respectively, for conducting the

tool-assisted treatment first followed by manual one second. This might indicate that there is no

learning effect, which can be confirmed by a larger data sample.

Table 6.5: Precision (P), recall (R), and F-score (F) for the tool-assisted treatment vs. manual
treatment based on experimental blocks

Participant
Manual First Tool Second

P R F P R F

P1 0.27 1.00 0.43 0.53 1.00 0.70
P7 0.73 0.89 0.80 0.73 0.89 0.80
P2 0.60 0.75 0.67 0.75 1.00 0.86
P6 1.00 1.00 1.00 1.00 1.00 1.00

mean 0.65 0.91 0.72 0.75 0.97 0.84

Participant
Tool First Manual Second

P R F P R F
P3 0.75 1.00 0.86 0.70 0.88 0.78
P5 1.00 1.00 1.00 1.00 0.91 0.95
P4 0.80 1.00 0.89 1.00 1.00 1.00
P8 1.00 1.00 1.00 1.00 1.00 1.00

mean 0.89 1.00 0.94 0.93 0.95 0.93

6.6.3 Participants’ final preferences

A post-study questionnaire was given to the participants to inquire whether they would prefer one

of the two treatments in performing CIA. The questionnaire also gathered qualitative feedback on

several questions as shown in Table 6.6. Five participants mentioned that the task was easier to

perform with the tool support. Samples of the participants’ answers: “[The task was] easier as it

provided recommendation of affected entities” (P2); “The tool already gave me a heads up on what

might the possible file changes be. I had to just review if the code changes are really required”

(P3). We also expect that precision, recall, and F-score would increase in attempting larger SPLs

and more complex changes in the tool-assisted treatment, especially after it was confirmed by six

participants as mentioned in the second question in Table 6.6.
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Table 6.6: Participants’ final feedback on both treatments.
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the changes needed
Using the tool, I was more likely to succeed in estimating

P6
P5

P4

P8
P7
P3
P2
P1

using the novel tool support than without it
I feel I could attempt larger changes and modification tasks

P6 P8

P7
P5
P4
P3

P2
P1

again
I would use the novel tool with its existing functionality

P6
P8
P5

P7
P4
P3

P2
P1

6.7 Discussion

6.7.1 Threats to Validity

The internal validity of our study is threatened by several factors. (1) Selection of subjects bias: To

eliminate selection bias, all the participants recruited were software developers with a minimum of

one year experience in Java/C#. Most of the developers have a minimum of nine years of software

development experience. (2) Learning and fatigue effects: Although the tasks are different, a

participant would inevitably be more confident about working with the system after s/he finished

one task. However, since each task deals with different functionalities of the system and to ensure

elimination of any learning bias, participants were divided into four main blocks by shuffling the

tasks among the subjects as mentioned earlier in Table 6.1. Also, we discussed there might be

potential learning effect as shown in Table 6.5, but it was detected only in precision. In addition, we

tracked the time taken by each task, as shown in Table 6.3, and we do not see less time taken by the

participants to finish the second task as both tasks involve manual assessment to a certain degree.
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To eliminate fatigue effects, subjects were instructed to ask for breaks as much as they want.

(3) Experimenter bias: To eliminate the experimenter influence while conducting the experiment,

we designed a script that the experimenter stuck to during the study. (4) Availability of open source

DOP: We discussed earlier in Section 5.1.1, the challenges we faced to find open source DOP. To

mitigate that threat, we used DPL as it is complex enough for the purpose of the experiment.

For the external validity, our study is threatened by the participants might not be a true repre-

sentation of the population working in SPLE. However, the syntax for DOP is very close to Java,

and the final products are generated in Java as well. Therefore, we were recruiting developers who

worked with Java at least for one year. Another threat was the difficulty for the participants to

shift their mindset from single product development to SPL. We attempted to mitigate that risk by

having a training session on SPLE and DOP, and do not move forward with the rest of the study

until they perform the training task successfully. Another external threat to validity is the type of

tasks given to the participants. When designing the tasks, we designed tasks, from our experience,

that match the change requests that the participants might get while developing industrial software

systems.

There are other threats to validity. (1) Bias in the questionnaire: There is a possibility of

having a threat to the validity of questionnaire’s responses as the participants would like to help

by providing confirming responses. To mitigate such bias, we were focusing in our search for

developers on finding ones whom we did not work with before. Also, during the analysis of the

questionnaires, we did not depend solely on the responses; however, we collected observations

and field notes while conducting the experiments along with the quantitative metrics we discussed

earlier. (2) Generalizability: We cannot claim that we can generalize our findings for every CIA

task performed on SPL. However, the change request tasks designed are not trivial, and the scale

of the DPL was small enough for a participant to be able to understand and perform the CIA tasks

within the limited lab experiment time. If the scope of the changes is bigger or the SPL was more

complicated, the participants could have taken much longer to understand the system and perform

the tasks.
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We tried addressing some of the threats we faced in our experimental trials, and re-run the

experiments again, however, two challenges will likely remain: (1) we could not find SPLE devel-

opers working with DOP; and (2) no enough data and open source systems implemented in DOP

that we can utilize.

6.8 Summary

In this chapter, we evaluated our proposed approach for CIA in DOP though a controlled experi-

ment conducted by software developers using CIAHelper against a manual approach.

In regards to RQ7, precision, recall, and F-score improved slightly when performing CIA by

software developers using CIAHelper (3% increase for precision, and 6% increase for recall and F-

score); however, the results were not statistically significant. We discussed the experiment details

and highlighted the threats to validity.

94



Chapter 7

Related Work

This thesis addresses the problem of identifying, structuring, and evolving features, from the per-

spective of either the requirements or the implementation assisted by NLP and CIA techniques. It

is complicated in the following aspects: (1) manual techniques used for identifying and extract-

ing the features from the requirements document and adding them to the SPL are complex and

error-prone; (2) planning and executing feature changes in SPLs might affect all the products in

the product family; and (3) the absence of robust traceability links between the features and the

code artifacts makes it harder to keep the models and code artifacts synchronized.

This chapter outlines the relevant research and how this thesis differs therefrom. Section 7.1

outlines the related research that targets the extraction of features from requirements. Section 7.2

discusses the related research on how variabilities are implemented and managed in SPLs. Sec-

tion 7.3 discusses the related research about SPL evolution. Finally, Section 7.4 discusses the

related research that propose techniques and methodologies to perform CIA.

7.1 Feature extraction from requirements

In this section, we discuss some of the related work that targets the extraction of features from SRS

documents or product descriptions. In addition, we discuss some of the previous attempts from the

RSSE perspective in providing recommendations of what features are to be included or not, based
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on previously selected ones.

The way that requirements are discovered has evolved over time. As described by Hariri

et al. [2014], requirements are now affected by three main factors. First, the move towards

globally-distributed software development has introduced collaboration barriers between project

stakeholders—such as diversity in languages and cultures, lack of trust, and minimal face-to-face

communications—that negatively affect requirements gathering and understanding. Second, the

increasing popularity of open source projects has helped in having open discussions about the re-

quirements through online forums, which is not the case for traditional requirements gathering

activities. Finally, increased usage of agile approaches means that requirements can be quite fluid,

dynamically changing as the project proceeds. These novel factors have reshaped the nature of

requirements and brought new challenges. However, in SPLE, requirements are documented us-

ing natural (textual descriptions), or modelling (data, behavioural, or functional) languages [Pohl

et al., 2005]. According to the study done by Bakar et al. [2015], natural language processing

(NLP) techniques are the most common approaches used to generate FMs from natural language

requirements expressed in either SRS documents or product descriptions, which will be the focus

on this section.

Sree-Kumar et al. [2018] introduced a framework, called FeatureX, to extract features from

SRS documents using NLP techniques. They use three main modules to construct the FM: a

lexical analysis module to extract nouns and entities; a machine learning module to identify the

root feature of the FM based on its frequency; and a feature relationship mining module to identify

and categorize relationships based on heuristics. While Kaindl et al. [2018] proposed a technique to

generate FMs from product specifications using inductive learning, a machine learning technique,

and heuristics, such as grouping features together that contain the word “and” or if a feature exists

in all the product specifications, then it is assumed to be a mandatory feature. Arias et al. [2018]

defined a framework to extract, structure and index features from requirements for SPLs using NLP

and information retrieval techniques. Li et al. [2018] proposed an approach to extract features and

their relationships from natural language requirements by analyzing the semantics of words and
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requirements levels. They use word embedding and probabilistic relevance to obtain word- and

requirement-level similarities, respectively. For word-level similarities, neural networks are used

to identify the similar words in the requirements. For the requirement-level similarities, word

significance and distribution are used. Finally, they construct the FM using a clustering algorithm

and heuristics. Such approaches attempts to overcome some of the challenges we highlighted.

They used either machine learning, information retrieval, or probabilistic relevance techniques to

improve the results.

Bagheri et al. [2012] provide decision support to domain analysts by applying NLP techniques

to domain documents. This process is used to identify features and integrity constraints within the

documents and annotate their features with ontological concepts. It works by detecting the frag-

ments inside a document that match a set of predefined categories, rather than discovering these

categories. Their approach is similar to ours in the extraction of features, however, they depend

on predefined categories tagged manually. Niu and Easterbrook [2008] introduced functional re-

quirement profiles (FRPs) which are used to capture the domain’s action theme and to define a

context for studying system qualities. Their approach was dependent on the identification of the

FRPs in each document by extracting the lexical affinities (LAs) and verb–direct object relations.

They used OpenNLP [OpenNLP] for stemming and part-of-speech tagging. They devised their

variability heuristics during extraction as well. Their approach is different from ours as they focus

on the identification of the system functionalities and their variabilities.

Alves et al. [2008] introduced a framework to extract features from SRS documents based on

latent semantic analysis (LSA) and the vector space model (VSM). LSA is used to find the common

patterns of usage across a large number of documents while VSM is utilized for the representation

of the documents as vectors where each element consists of a word and its frequency. Then, they

used clustering and merging techniques on the features gathered from the different documents to

generate the FM.

Itzik and Reinhartz-Berger [2014b] introduced the extraction of the FMs based on stakehold-

ers’ perspectives. For example, a product or project manager might be interested in a different
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perspective than the developers. They focused on functional and structural perspectives in their

work. The approach is based on the semantic and ontological variability analysis (SOVA) method

[Itzik and Reinhartz-Berger, 2014a]. An overview of their approach is shown in Figure 7.1. During

the text parsing phase, they focus on six main parameters to be extracted from the requirements

document: the agent (who performs), the action (what is performed), the object (on what it is

performed), the instrument (how it is performed), the temporal modifier (when it is performed),

and the adverbial modifier (under what conditions this action happened). Then, they calculate the

behavioural similarity and finally construct the feature models.

Figure 7.1: A simplified picture of the SOVA process.

Each of these approaches uses a different perspective to extract the features and construct the

feature model. Our approach is similar to that of Itzik and Reinhartz-Berger [2014b] but focuses

more on the extraction of the system functionalities as the building blocks rather than using each

requirement statement as a whole to construct the feature model.

The importance of our proposed perspective is in the identification of the different capabilities

that the system should include, regardless of the location of their descriptions in the functional

requirements section in an SRS document. It also helps in better estimation of the features.
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A different approach was presented by Davril et al. [2013] that targets free and online repos-

itories containing software information. They constructed feature models from publicly available

domain descriptions using a two-phase approach: first by mining the software repositories, then

by constructing the FMs. The software repositories used in their approach are the CNET1 and

Softpedia2 websites. For the construction of FMs, they utilized clustering techniques along with

Stanford NLP for part-of-speech tagging to extract only nouns, verbs, and adjectives. Their ap-

proach is the nearest one that can be categorized as an RSSE: they are constructing a FM from a

set of incomplete and informal product descriptions and specifications. Then, they are providing

recommendations on the features that were not selected by the user and explaining the reason be-

hind that selection. While our approach uses NLP techniques as well, the key difference is in the

requirements used. We use SRS documents while Davril et al. use online product descriptions, a

more explicit list of features, hence easier to extract, which reflects the different approaches used

to process the data.

7.2 Implementing variabilities in SPLs

As discussed previously in Chapter 1, SPLE is divided into two main processes, domain engineer-

ing (DE) and application engineering (AE). DE is a process of developing artifacts that will be

reused later in the application engineering process [Pohl et al., 2005]. The main activity in the DE

problem space is domain analysis which allows variability modelling based on provided domain

knowledge (including stakeholder requirements, requests, and their views on the final products).

The DE solution space is the actual implementation of the reusable artifacts (which includes their

design, coding, validation, and verification) [Apel et al., 2013]. An overview of the DE process, in-

cluding its problem and solution spaces, is illustrated in the top part of Figure 7.2. For the problem

space in both DE and AE, our approach FFRE, discussed in Chapter 2, addressed that by extract-

ing the features, their types and the relationships among them from the SRS documents. For the

1http://www.cnet.com/
2http://www.softpedia.com/
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solution space, our approaches presented in Chapters 3 and 4, addressed the implications of how

features and their underlying code are going to be implemented and evolve. Three main methods

are widely used within the DE process: domain-specific modelling, feature-oriented approaches,

and ontologies [Leitner et al., 2014]. However, AE uses the previously developed artifacts during

the DE process and deliver a final product to the end users. As shown in Figure 7.2, requirements

analysis is one of the main activities of the problem space of AE. Requirements analysis is respon-

sible for the selection of features to be included in the final product. In the solution space of AE, on

the other hand, those selected features are integrated together during the product derivation activity

[Apel et al., 2013].

Figure 7.2: SPLE process overview as discussed by Apel et al. [2013].

Similar to single products, SPLs can be implemented in numerous ways. We categorized

some of the techniques used to implement variabilities in SPLs into: Composition-based variabil-
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ity, Object-orientation and preprocessors, code annotations, code clones, domain specific models

(DSMs), and others.

7.2.1 Composition-based variability

Techniques involving composition-based variability were introduced to solve the variability prob-

lems related to code implementations. They target the implementation of each feature as a separate

code component; in order to assemble a product, the selected code components are composed either

during compilation or deployment [Kästner et al., 2008]. We show the feature selection process

in Figure 7.3. The feature code units mapping to the selected features are included in the final

product(s) based on the composition technique used.

Figure 7.3: Flow of operation of composition-based variability techniques.

The most well-known composition techniques are aspect-oriented programming (AOP), feature-

oriented programming (FOP), and delta-oriented programming (DOP), each described below.

AOP targets crosscutting concerns among the features in order to reduce code scattering, tan-

gling, and replication produced by poorly-separated concerns [Apel et al., 2013]. Commonalities

are implemented in a base structure, while variabilities are implemented in other class-like con-

structs called aspects. Aspects encapsulate the implementation of the overlapping functionalities

among the concerns in one module. Aspects are then combined with the base structures (classes,
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typically) through the process called weaving which inserts code within the base structures though

not always in a straightforward manner. Lesaint and Papamargaritis [2003] introduce refinement-

oriented generation language (ReGaL) to program GenVoca product lines, certain models for SPLs

that are based on standardized interfaces among the components. Only the compatible and inter-

changeable components can be connected together while configuring an application. They manage

the variability at the code level through AOP by levering realms and interfaces. The proposed Re-

GaL implementation uses two parts, a Java program containing the implementation for the com-

ponents and a ReGaL program for refinements. They depend on using programming refinements

as aspects to benefit from the separation and modularity. In case of changes being needed to a

specific feature, a refinement will be added and applied without the need to modify the existing

implemented ones. Their approach focuses on the variability at the code level without mentioning

how the features were selected. In addition, they did not mention the usage of models to manage

the variability. Schröder-Preikschat et al. [2007] promote the use of AOP to handle the implemen-

tation in embedded operating systems’ SPLs, especially when dealing with the variabilities due to

code tangling and scattering phenomena that arise from cross-cutting concerns.

FOP is an extension to object-oriented programming that aims to modularize software devel-

opment based on features. It separates the implementation of features in different feature modules

[Rosenmüller et al., 2010]. The feature modules represent the implementation of the corresponding

feature; they contain classes and class refinements. Classes are the base implementations, while

class refinements add fields and methods inside the class or modify existing ones. They use a

refinement chain that adds up to the base implementations and a program can be automatically

generated by selecting the needed features.

DOP is the most recent composition-based technique in SPLE. DOP provides a flexible im-

plementation technique that aims to maximize reuse and minimize coupling between feature im-

plementations as mentioned earlier in Section 1.4. DOP defines core modules and delta modules

(similar to classes and class refinements introduced in FOP). Core modules are valid configurations

of a certain product in the product family, while delta modules are the modifications that can be
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applied on the core modules to provide a different product within the same family. DOP has other

types such as pure DOP [Schaefer and Damiani, 2010; Schaefer et al., 2010], which uses only delta

modules even for the core parts, and parametric DOP [Winkelmann et al., 2016], which uses typed

attributes in the FM to be propagated to the source code. In our work, we based our approach on

pure DOP and refer to it as DOP.

We studied and compared the composition-based techniques together before deciding with

moving forward with DOP for the following reasons: (1) DOP adds more flexibility in adding

deltas to the base classes that could contain instructions for adding, deleting or modifying classes,

fields, or methods. Also, DOP and FOP handle the implementation of optional features differently;

for instance, if two optional features require additional implementation for them to interact, FOP

could either add the extra implementation as separate class refinements or duplicate the code within

both features. DOP solves that issue by adding delta modules that apply changes to both features.

(2) Aspects in AOP encapsulate only changes that need to be made to existing classes. They also

does not encapsulate new classes and packages that a feature introduces.

7.2.2 Object-orientation and preprocessors

Other approaches depend on object-oriented programming (OOP) and/or preprocessors. We grouped

OOP and preprocessors under the same category as some of the related studies were using both in

their approaches.

Depending only on preprocessors, Zhang and Becker [2013] introduce a reverse engineering

approach and framework named RECoVar (reverse engineering configurations and variability) to

manage and simplify the core assets including the code already developed for an SPL. RECoVar

aims to prevent the different artifacts developed in an SPL from erosion, especially during the

evolution of the SPLs. It works by recovering the variability information in the code using reverse

engineering techniques and building traceability links between the core assets and product configu-

rations. The framework consists of two approaches: the first extracts the variability elements from

the #defines of existing product code with their values that are found in the solution space. Then, it
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identifies variation points from the code by parsing #ifdef blocks in the core asset, mapping them

to the variability tree. The second approach is used to extract the variability as well from the VMs

in the problem space in order to ensure that the problem and solution spaces are synchronized and

covering the whole SPL cycle. In their second approach, they use data mining techniques to iden-

tify association rules among the features. However, in their research, they are focusing only on the

variability code that uses conditional compilations.

Using both OOP and preprocessors, Nascimento et al. [2008] provide a practical approach for

implementing core assets in the mobile game domain. They support implementing the components

as specified in the structural models rather than depending on textual models due to their vagueness.

Based on the information stored in the structural models, developers implement the components

and any glue code required for the different components to work together. At the source code,

they use conditional compilation tags (#ifdef) or a combination of inheritance and conditional

compilation to manage the variability. In case of components that need specific interfaces to be

integrated into the domain architecture, “glue” code is written for that.

Mixing OOP, preprocessors, and AOP, Ribeiro and Borba [2009] propose a decision model and

a prototype tool to aid developers in choosing the appropriate ways of refactoring variabilities in

SPLs by targeting if-else statements found in test scripts. The test cases they developed the tool

for use if-else statements to manage the variabilities (similar to "#ifdef" and "#elseif"), assuming

that the already developed variabilities are using preprocessors too. For instance, product A could

be tested by the if-statement and product B by the else-statement. They applied their methodology

on the variability test scripts for Motorola mobile phones.

Passos et al. [2013] explored depending on both VMs and preprocessors. They performed a

case study on Linux kernel development to investigate the co-evolution of variability models and

their corresponding artifacts. According to their findings, the most used approach to manage the

variabilities is through the use of annotations at the modelling level. Configuration files (Kconfig)

are used as the variability models where features with compilation macro derivatives are defined.

Then, by using build files, called Makefiles, a map is created to the selected features from the
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Kconfig files to the source code files. Finally, variability in the source code is expressed using

conditional compilation techniques (#ifdef ) in the source code to manage the variabilities. Compi-

lation units are the result of the configuration files that match the selected features. The strengths of

such an approach are how variability models evolve with the artifacts and the dependencies among

them, and how changes applied to the models can be reflected directly into the code. However, the

manual creation and maintenance of the annotations might be error-prone and time consuming and

the changes applied to the code are not reverted back to the models.

7.2.3 Code annotations

Code annotations involve tagging the code packages, classes, methods, and/or snippets with spe-

cific labels that refer to a specific feature. Heymans et al. [2012] advocates a pruning based ap-

proach for mapping the features to the code. Pruning is achieved by having a complete code-base

with all the system features that need to be supported in an SPL regardless of their types (manda-

tory, optional, ...). At the code level, they use feature tags to annotate those features and trace the

code fragments back to them. The technique they use is a combination of pruning and annota-

tions. During the DE processes, the features are implemented, tagged and added to the code base.

Programmers use tags to annotate the code that maps to the different features. A code pruning

and compilation process is used to remove the features that are not selected by the AE processes.

By utilizing a feature parser that takes the complete code base together and a list of the needed

features, and returns a program that contains the code that maps to the selected features. Errors

that could happen during the project derivation are handled during the design phase by following

a set of predefined rules. The output from such an approach is generated code for the selected

products and code skeleton for the features that does not have implementation in the code base.

Adopting such an approach does not require a paradigm shift to other code variability management

techniques such as: frameworks, aspects, etc. in order to implement the variabilities nor changes to

a company’s coding standards. Features are gathered in one model and duplication can be spotted

and removed using the Pure::variants tool that forces configuration constraints and is implemented
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in code fragments. In terms of performance, it cannot scale with larger SPLs as it would take too

much time for compilation and pruning. In addition, it will require tags to be annotated manually

during the DE phases by the programmers.

7.2.4 Code clones

Much previous work has considered code clones. Code clones could be beneficial or damaging

[Kapser and Godfrey, 2008; Juergens et al., 2009; Deissenboeck et al., 2010; Koziolek et al., 2013;

Rattan et al., 2013; Roy et al., 2014]. Code clones are typically categorized into four types: identi-

cal; similar; statements are removed, added or changed; and semantically similar clones [Schulze

et al., 2010; Roy et al., 2014]. The negative impact that code cloning has on software systems

could hinder the maintenance and program correctness leading to unexpected behaviours. On the

other hand, it could be beneficial as it minimizes instabilities when testing changes applied to a

feature; for instance, cloning the affected components and testing the changes before integrating

them into a software system might decrease the risk of affecting the stability.

An exploratory study by Dubinsky et al. [2013] assesses cloning activities in industrial SPLs

using interviews and questionnaires. According to their results, the most favourable approach for

reusability is code cloning as a method to expand products in SPLE because of their simplicity and

independence between developers. It is a favoured approach because practitioners can use verified

and already tested components while having the independence to make modifications. They define

the major criteria behind the use of cloning in SPLE, either positive or negative, to be: efficiency,

overhead, short-term thinking, and lack of governance. For efficiency, usually it is used to save time

and resources. For overhead, the cloned artifacts require extra effort of maintaining all the cloned

copies. In terms of short-term thinking, the driver is usually the lack of resources to investigate

other alternatives. Finally, for lack of governance, reusability is not always maintained and not

usually measured in organizations.

Schulze et al. [2010] conducted an empirical study of code cloning in FOP in SPLE on ten

different program families. They found that there are considerable numbers of clones introduced
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in FOP, mainly caused by limitations of feature-oriented mechanisms, such as, alternative features

because of their similarity in behaviour and structure. In addition, FOP-SPLs developed from

scratch have the highest number of clones compared to refactored SPLs from legacy software

systems because of depending heavily on alternative features. Fenske et al. [2017] provide an

approach to migrate multiple cloned products to a SPL by using code clone detection techniques

to identify commonalities and extract them into shared artifacts. They use FOP as their variability

mechanism. They do not tackle the impact of applying changes or evolution problems. Takeyama

and Chiba [2012] propose a language supporting feature-oriented programming to handle code

clones in FOP-SPLs by supporting inheritance among the alternative features.

Martinez and Thurimella [2012] use a clone detection technique to spot commonalities and

variabilities among legacy artifacts at the source code level, and architecture re-engineering to

identify coupling types among the components. They introduced the approach: Collaboration and

Source Code Driven Bottom-up (CSCDB). First, they detect all the cloned code among all the

products in a SPL based on a predefined minimum number of cloned lines of code. They are not

interested in code cloned within the same product; therefore, they remove all such occurrences

from the generated report. Then, they apply architecture re-engineering to capture the up-to-date

coupling among the different components and their functionalities inside the source code files. The

output of their approach is the justification matrix, a tabular representation that captures the criteria,

options, and arguments the stakeholders have, and it is used to derive the variability models. They

did not discuss how variability is managed at the code level.

7.2.5 Domain Specific Models (DSMs)

A domain-specific language (DSL) is a programming language that is used to capture and repre-

sent the key knowledge for a specific domain. It facilitates the representation of knowledge in a

particular domain as its syntax is tailored specifically for that domain. Domain-specific modelling

(DSM) is used to raise the abstraction level in order to represent the system components based on

the DSL. It is used to capture the building blocks of a certain application for the particular do-
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main it is developed for. Rather than specifying the design in UML, DSMs provide an easier way

to capture the design by modelling and generating code based on the selected DSMs [Kelly and

Tolvanen, 2008].

Viana et al. [2015] proposed an approach that generates code from models. They use model-

to-text transformations in order to transform F3 models to framework source-code and domain-

specific modelling languages (DSMLs) following an extension to FMs called from feature to frame-

work (F3), a domain engineering approach to develop domain specific frameworks. DSMLs were

proposed to support reusability in frameworks. It is divided into 2 steps, domain modelling and

framework construction. The F3 model is constructed in the former step. The F3 model is similar

to FMs with metamodel characteristics to save framework development information. The latter

step, framework construction—which is dependent on F3 patterns, a systematic process for frame-

work development—is used to generate white box frameworks that can be used by the developers

to design and implement the final code artifacts. Framework classes are generated based on the F3

patterns where a class for each feature in the F3 model is generated. The framework code generated

follows OOP principles.

Leitner et al. [2014] and Tolvanen [2017] use DSMs to translate models to code. They use code

generators to provide the source code based on parameterized templates which is what provides

the variability. The generators are implemented using MERL (the MetaEdit+ scripting language)

to translate the models to another model or to source code directly.

Park et al. [2012] generate code directly from the requirements. They designed and imple-

mented a tool named ISMT4SPL (Integrated Software Management Tool for SPLs) which is based

on orthogonal variability model (OVM). OVMs are models that are primarily used to capture vari-

abilities in developed artifacts by capturing the variabilities within the SPL and neglecting the

commonalities. ISMT4SPL allows re-usability and traceability of the artifacts by the software

engineers in the AE processes that were created in the DE ones. Concerning how the code is im-

plemented in the SPL, they use the title specified in the requirements documents as the input to

generate code. The generated code is only the Java source files as skeleton and no other implemen-
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tations are generated.

7.2.6 Others

We grouped the approaches that does not fully fall under any of the above categories.

Dordowsky and Hipp [2009] introduce a bottom-up SPL approach in the aviation domain. They

recommend to use a central asset-base managed by a version control system (VCS) to keep all the

implemented components and to stop using a “clone and own” approach, in which a component

is duplicated within each product’s base and modified as necessary. They label the engineering-

related data definitions specific to the aviation industry in the engineering databases and map them

to the features in the feature model. As inputs, they use the code assets and the feature model

to extract the variability. For the outputs, they alter the asset repository with the new generat-

ed/written code, and the annotations linking features to related code. Variability at the modelling

level is handled through a feature model. When a product is initiated, the hardware and software

platforms, and a set of features to be included, are selected. Code variability is handled through

modularization, code-generation, non-object-oriented adaptation (as the Ada 83 language does not

support OOP), and a VCS. In case of changes to that specific product, the feature model will be

altered, and code will be re-generated or modified. Due to the nature of Ada, boilerplate code is

introduced between the modules.

Ribeiro et al. [2011] use OSGi to implement the core assets for SPLs using service oriented

architecture (SOA). Variability at the modelling level is handled through business process and do-

main feature models. Such models are used to describe the services’ tasks and their variabilities.

During the implementation, models are implemented by the developers manually and they define

the contract for registering the services using the tag <osgi:service> on the provider side and the

tag <osgi:reference> on the consumer side. For managing the variabilities, they used three mech-

anisms: binding variants with services, parameters, and encapsulating variants within a service.

When a variation of a service or component is needed, the first mechanism is used where the client

has no information on how the functionality is implemented, and the binding is achieved during
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runtime. The parameters mechanism is used when the client wants to choose a specific variation.

The encapsulation mechanism is used to separate the core services from the changing variation

points.

7.3 SPL evolution

Various studies targeted how SPL evolution is managed. Laguna and Crespo [2013] conducted a

systematic mapping on the methods, techniques, and drivers for SPL evolution, refactoring or re-

engineering, either from legacy systems or existing ones. The most used approaches in the recent

studies for refactoring are object-oriented programming (OOP) for legacy products and AOP/FOP

for refactoring existing SPLs. Another systematic literature review to evaluate the approaches uti-

lized for evolving SPL was conducted by Marques et al. [2019]. The most addressed artifacts

in SPL evolution are features compared to the other assets, i.e. code, documentation, . . . etc.

Although the systematic processes proposed for supporting SPL evolution, most of them are con-

ducted manually with low level of automation. They also concluded that most of the proposed tech-

niques does not offer tool support. Heider et al. [2010] studied the long-term impact of evolution

on model-based SPLs in terms of model complexity and maintenance needed by using evolution

profiles, e.g., technical refactoring, or addition of new products, to simulate the evolution.

Tanhaei et al. [2016] propose a model-based framework to refactor SPL artifacts. Their focus is

on refactoring feature models by using feature mapping to link the different artifacts to the features.

Both approaches focused only on models and did not go into how the implementation will be

affected by the evolution. Another case study by Tizzei et al. [2011] was concerned more with the

stability of SPLs while applying changes. Their case study included the different approaches (OOP,

AOP, component-based, and an AOP/component hybrid) to measure the effect on the stability of

the product line architecture (PLA). They concluded that the hybrid was the most stable. They

measured change impact analysis (CIA) by the number of added/changed/removed modules and

operations. They also measured modularity through coupling and cohesion; however, their focus
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was on the PLA and its stability without analyzing the implementations.

7.4 Change impact analysis in SPLs

Much work has considered CIA in SPLs, for requirements, architecture, models, or code assets

according to Montalvillo and Díaz [see 2016, for a recent overview]. None considers both models

and code assets as in our approach.

Lity et al. [2016] adopt a delta modelling approach to capture SPL evolution and variability

through delta operations: addition, removal, and modification to define a higher-order delta model;

the higher-order delta model contains the complete changes applied through the delta operations.

They evaluated their approach by implementing a prototype and applying it in a case study on a

system from the automation engineering domain; no measurements are provided. In contrast our

approach considers the products, features, deltas, and the code artifacts that will be affected by a

change in an SPL.

Sampaio et al. [2016] introduce a partial product line refinement approach for safe evolution of

SPLs. They defined eight templates that can assist the development team in the evolution scenarios,

similar to Neves et al. [2015]; changes like adding new products or improving the current product

design without changing the behaviour. Operating at the model level, their approach does not

provide a detailed CIA of applying a change; they do provide which products are guaranteed not to

be affected and which ones may. Sampaio et al. [2016] evaluated their approach by automatically

analyzing and categorizing 79,218 evolution scenarios of the Linux repository to match theirs;

they manually confirmed only 52 of these, not sampling the classification into which the vast

majority of cases fell and thus being unable to detect false positives there. Neves et al. [2015]

evaluated the templates by analyzing parts of the evolution history of five SPLs and identified the

safe modifications that the developers performed.

Ajila [2002] defines a product line evolution model to manage and to calculate the impact of

changes in SPLs. Each product in the SPL is represented as vertical and horizontal traceability
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sets. The vertical set, called the “inter-relationships”, maps the artifacts among different life cycle

phases (analysis, design, and implementation). The horizontal set, called the “intra-relationships”,

shows the relationships among the different components within the same phase. Then, the analysis

for the impact of the changes is done through the identification of dependency relations among

the affected components and of parts that could be affected by such changes. This approach takes

into consideration the pre-defined relationships, but neglects the implied relationships between the

different components that might be affected by a change. In addition, this approach is concerned

only with UML models, assuming that those models are an exact representation of the source code.

No evaluation is provided.

Thum et al. [2009] provide an algorithm to automatically compute the change classification

between two FM versions. However, they focus only on FMs without considering any other arti-

facts. They evaluated their approach through an experiment where feature models were generated

automatically, and random edits were performed on them. They measured the number of features,

edits, and their types, but this is not comparable to evaluating a detailed CIA.

Heider et al. [2012b] introduced an approach for variability modelling regression testing to in-

form engineers about the impact of variability model changes on existing products by using regres-

sion testing in component-based SPL. Their approach supports impact analyses during variability

modelling by determining the impact of changes on existing products. It analyzes the impact of

changes to variability models on product artifacts. However, it focuses only on variability mod-

els, testing only if existing product configurations can be created and determining how products

will change if re-derived after changing the variability model. They evaluated their approach by

replaying the same evolution steps applied on a real-world SPL refactoring project, using a simu-

lation experiment to measure the scalability of their approach. They consider execution time and

qualitative observations.

Díaz et al. [2011] address CIA in product-line architectures (PLA) by analyzing their defined

PLA knowledge (PLAK) metamodel, which provides information about the features, the PLA

itself, and PLA-related knowledge such as the traceability links between the requirements and the
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PLAs. In case a change needs to be applied to the requirements, a traceability-based algorithm is

used to calculate possibly impacted design elements based on the current traceability links available

between the requirements and the PLA. Based on those elements, a rule-based interface engine,

which uses predefined propagation rules, calculates change impact propagation on the rest of the

PLA. No evaluation is mentioned.

Dintzner et al. [2015] provide another approach that evaluates the impact of FM changes on

existing configurations for multi-product lines. In multi-product lines, there could be features

that appear in multiple FMs, and based on the information about the inter-FM relationships, they

calculate the impact of changes. In case a change needs to be applied to one of the features, they

use a regression testing approach to re-instantiate the configurations after applying the changes. In

case of success, the changes can safely be applied. Such approaches do not take into consideration

the underlying codebase and how it is related to the features and the FMs. In addition, it might not

capture all the changes that need to be applied at the code level; hence the planning for applying

code changes will not be accurate. They evaluated their approach on an industrial case study

by implementing a tool that identifies the invalid configurations when a feature changes. They

reviewed the results with domain experts in a qualitative manner.

Michalik and Weyns [2011] focus on the impact of feature changes that could affect multiple

products inside the SPL, called SPL-wide change impact analysis. They neither implement their

full approach nor verify its validity. The only output is a preliminary variability model that can be

used for change impact analysis which shows only the affected features without showing how the

underlying codebase will be affected. Evaluation is mentioned as future work.

Paskevicius et al. [2012] measure the effect of applying a change: its validity and propagation

on FMs in an SPL through a change impact model. The model contains three tasks: change

validity, change propagation, and changeability. Change validity is used by applying the changes

to the FM and checking if those changes could produce valid products or not. To measure the

propagation of a change, they use a component dependency matrix and derive the features that

could be affected. Changeability, which is defined as the distance between an original FM and the
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one with the changes applied, is measured using Jaccard distance based on a derivation of a product

from each FM (the original and the changed one). The approach depends on Prolog grammar, and

its rules to perform the above mentioned three tasks. It focuses on the FMs as the only source of

triggering changes and does not take into consideration codebase triggered changes. In addition, it

neglects the implementation, and no evaluation is mentioned.

Other approaches [e.g., Käßmeyer et al., 2015; Murashkin et al., 2013] propose different ap-

proaches for CIA in models; however, they are concerned with quality attributes only for the SPL.

Ribeiro et al. [2014] introduced an Eclipse-based tool for preprocessor-based SPLs to address

the issue of hidden code dependencies during maintenance tasks. Their approach identifies the

set of additional code changes associated with other features that need to be addressed for the

change to be completed. They introduced emerging interfaces, an abstraction of the data-flow

dependencies of a feature, to infer the needed interfaces between the features, and increase the

developers’ awareness of feature dependencies. The focus is only on data-flow analysis which

might not scale properly due to the high expense of data-flow analysis. They conducted a controlled

experiment, comparing code-change effort and introduced errors both with and without emergent

interfaces.

Jiang et al. [2008] present an automated technique to identify code assets that need to change

due to ripple effects. They use data mining and code clone detection techniques. However, it

mines only the source code looking for patterns (mainly copied/pasted code) and focuses only on

identifying related reuse patterns when a code module is modified for defect correction or feature

enhancement. It misses the dependencies in the code structure and the returned results might not

be complete. No evaluation is provided.

Yazdanshenas and Moonen [2012] use static program slicing and model-driven engineering to

calculate the CIA in component-based product families. They build a family dependence graph

(FDG) to model all the components inside a large-scale component-based product family, identi-

fying the impacted set of components by detecting the changeset based on syntactic source code

analysis in two successive revisions of the same component. Their approach focuses on the last
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two consecutive revisions from the source control history and does not take into consideration the

FMs. Their approach is based on another tool CodeSurfer [Anderson, 2008], which operates only

on C/C++ code. They measure accuracy, relative to CodeSurfer, and scalability, scoring “100%”

for each. These numbers are misleading: their tool is actually derived from CodeSurfer and so

the accuracy claim does not consider independent measurements. They were unable to share their

tool, Richter, with us.

Rubin et al. [2012] propose an approach to realize code reuse in an SPL. They introduce the

product-line changeset dependency model, which captures the necessary information required for

managing forked product variants. Their approach extracts and analyzes data contained in the soft-

ware configuration management repository to provide feature dependency calculations (through

static code analysis). However, they focus only on cloned code and their approach is not imple-

mented. No evaluation is provided.

Walker et al. [2006] present an approach that uses probabilistic impact analysis to estimate

the technical risks of applying changes to source code. They calculate change estimations on

an identified component based on the structured dependency graph and change history for the

project’s source code. The structured dependency graph represents the structure of the program,

while the change history is used to identify the atomic changes applied to the source code and spot

related changes. Those applied changes are annotated as the initial probabilities on the edges of the

corresponding items in the dependency graph. Those probabilities are then used to calculate the

impact of changing that component on the rest of the project using a modified version of Dijkstra’s

algorithm based on priority queues implemented using Fibonacci heaps. Our CIA approach is

inspired by that approach.

7.5 Summary

In this chapter, we described the different approaches, techniques, and tools that have been pro-

posed for extracting features and their relationships from requirements documents and product
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descriptions. We also discussed the previous research that has been proposed for implementing

and maintaining variabilities in SPLs, and the proposed techniques and methodologies to perform

CIA.
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Chapter 8

Discussion

In this thesis, we have introduced two novel approaches (1) extraction of features, their types,

and the relationships among them from requirements documents based on NLP techniques and

heuristics; and (2) performing CIA tasks by extracting the dependencies in both the VM and the

code artifacts through analyzing the semantics of the code artifacts and the VM. We then assessed

each proposed approach through conducting a set of empirical studies. In this chapter, we will

discuss the current limitations of our proposed approaches (see Section 8.1), and we then provide

an overview of the future work (see Section 8.2).

8.1 Approach limitations

We encountered a few limitations to our FFRE approach, as follows.

1. The version of Stanford NLP we used sometimes does not detect the word type correctly. For

example: the verbs in the two sentences (System updates catalog), (Supplier ships ordered

product), and (Customer purchases product) were detected as plural nouns not verbs. We

tried to check that on OpenNLP and CoreNLP and the results were the same. We mitigated

that limitation by manually changing the affected action verbs, in case they existed, to other

verbs that can be detected by Stanford NLP.
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2. If the actor has an adjective before it, the FFRE tool did not manage to detect it well. For

example, registered customer will be another node in the tree although it should be under

customer. This affected the number of extracted nodes, and left that to the tool user to merge

the nodes manually if detected.

3. The approach does not detect synonyms, for example, the verbs “buy” and “purchase” will

be detected as separate features.

4. User interface (UI) requirements are not detected properly in our approach. Most of the

UI requirements we obtained access to are very descriptive and discussing deep details of

how the interface will look, for example, the button sizes, colors, locations, etc. The SRS

documents we used did not have many UI requirements, so we focused only on the system

functionalities.

5. The approach lacks the detection of the sequence of events. For example, the requirement:

After the system verifies the purchase’s payments details, the supplier confirms the purchase.

The system asks for shipment details, is detected as a set of features but dependency relation-

ships cannot be identified. This one is out of scope of our current stage in our approach.

6. The categorization of a feature to be either mandatory or optional is not always accurate

because of Heuristic 3: If there is more than one action for the same actor, the feature will

be optional; otherwise it will be mandatory. This was detected during the evaluation of our

approach.

7. We have not yet considered the presence of nested features. For instance, The system verifies

the purchase’s payments details. The system verifies the credit card information.

We encountered the following limitations for our approach to perform CIA and support for

RTE:

1. Cold-start problem. We used the combination of both VM and code artifacts to enhance

CIA and to arrive at better results; adding data from the change history (10–15 commits)
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improved the results even more. However, for new SPLs or existing ones with limited history,

the results might be relatively weak. This is referred to as the cold-start problem [Robillard

et al., 2010]. The use of the heuristics mitigated the lack of historical data, which is a positive

aspect, but does not represent a more solid evaluation of the value of version control history.

2. High number of false positives. The high number of false positives returned is causing lower

precision due to the fact that coincidental co-commits will lead to false dependencies being

added to the graph. We experimented with different configurations, “VM only”, “code only”,

“VM, code (classes)”, “VM, code (methods/fields)”, “VM, code, history (occurrences)”, and

“VM, code, history (heuristics)”, and granularities, “classes” and “methods/fields”, to iden-

tify the impact of a change would have on artifact. We showed improvement by incorporating

source code history as shown in Section 5.3.

3. Applying changes after performing CIA. Applying CIA on initial changes and acting on the

results by figuring out modifications to other artifacts, for instance, applying a change in the

models, and having it automatically propagated to the code and vice versa. This scenario is

not addressed in our approach due to three main reasons: (1) VMs lack the implementation

details as they show only the products, features, deltas, and how they are linked together;

(2) it is not a straightforward task to understand and anticipate the intended changes initi-

ated by the SPL practitioners either at the modelling or code levels without studying and

classifying the changes; and (3) the high number of false positives could lead to practi-

tioners’ dissatisfaction, as it might lead to applying changes that might not be needed, as

researched by Johnson et al. [2013]. Possible solutions for such challenges would be incor-

porating other detailed documentation/modelling artifacts to the analysis, such as software

design documents or UML, and utilize dynamic impact analysis, by analyzing the system

behaviour at runtime, and machine learning techniques to translate and apply changes.
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8.2 Future work

There are several avenues of future work that we intend to explore. FFRE needs more adjust-

ments from RSSE perspective. As shown in Table 2.1, the current version of FFRE supports only

explicit input, provides no explanation to the user about the way the features are structured, and

does not take the user’s feedback into consideration. By supporting implicit input as well, FFRE

could be more proactive in providing recommendations about the different features that can be in-

cluded/excluded while the user is writing down or checking the SRS documents. Also, providing

explanations to the user will help in understanding the logic behind the selection of the features in

that specific manner. Moreover, taking feedback into consideration will ensure a synchronization

between the selection of the features and the user’s rationale. Enhancing the heuristics and fine

tuning them for the FFRE approach is required also to solve the current limitations we discussed

in the earlier section.

The approach we followed to evaluate FFRE was mainly focusing on identifying the function-

alities that an SPL should have to construct the FM. Future work would explore how to evaluate

the approach in industrial setting, and utilize the feedback and the knowledge gained to enhance

the approach.

For our CIA approach, it can be applied on any SPL as long as it contains a VM and code

artifacts. We chose DOP to leverage our approach as it showed promise as a good candidate for

implementing SPLs as we discussed earlier in Section 7.2. we plan to collect more history for our

case studies by designing and implementing more changes, and enhancing our approach based on

the information extracted from the source code history. In addition, we will migrate more SPLs to

DOP to run more experiments and case studies. We will experiment with including source code

history for methods and fields when constructing the graph.

We examined class-level and method-level granularity, but statement-level granularity is an op-

tion too, and a more traditional approach to sound impact analysis would need to consider context-

sensitive dataflow (as per Horwitz et al. [1990]). However, such analyses come with severe compu-

tational overhead, leading to their impracticality; other work in progress in our lab is considering
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how to eliminate this overhead while mostly maintaining the accuracy of the results. We intend to

leverage that approach as it matures, to determine if it will lead to better results for us.

We designed different configurations to measure CIA, and each one showed specific strengths

with respect to one metric. We will examine how to incorporate them together in order to achieve

higher results for all the metrics. In addition, we will enhance CIAHelper to build the dependency

graph once, rather than building it with every analysis run. In case of new commits added, CIA-

Helper is triggered to update the graph accordingly. This will result in faster analysis. Also, we

will examine the probabilities of propagation to be based on the node and edge types involved,

such that, a node with a type class added by a node of type delta could have different propagation

probability than another node with type feature and comprised by a node of type product.

We will study how to incorporate other detailed documentation/modelling artifacts to improve

the results, and we will investigate how machine learning techniques could be utilized to under-

stand practitioners’ intentions in applying changes.

We will extend our approach to other SPL implementations such as preprocessors, FOP, AOP,

etc., comparing the results. This will give insights about how our approach can handle different

implementations.

We plan to extend our approach to include unit tests. Each unit test is supposedly targeting a

functionality in the SPL or product family, i.e. a change to one of the code artifacts should result

in failure in its corresponding unit test(s). Therefore, including the unit tests in the construction of

the directed graph would help in performing CIA.

8.3 Summary

We proposed two approaches: (1) extraction of features, their types, and the relationships among

them from requirements documents based on NLP techniques and heuristics to decreases the man-

ual intervention, error-proneness and complexity; and (2) performing CIA approach that assists in

identifying the prone artifacts in an SPL implemented via delta-oriented programming (DOP) by
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identifying dependencies within the SPL for better planning of changes and identifying the effect

of applying a change on the rest of the products, features, and code artifacts. We also enhanced the

CIA and extended it to semi-automatically support RTE. In this chapter, we discussed the limita-

tions of both approaches and the future work that we envision to improve the results. Our future

work on feature extraction entails: (1) taking the SPL practitioner’s feedback into consideration

when extracting the features from the SRS documents; (2) enhancing the heuristics to solve the

limitations of the detection of the sequence of events and Heuristic 3. Our future work for CIA

includes: (1) collecting more version control history to enhance our proposed approach; (2) exam-

ining context-sensitive dataflow technique as an alternative approach for CIA; (3) exploring other

ways to improve the probabilities of propagation; (4) exploring how to extend our approach to

other SPL implementations; and (5) extending our approach to include unit tests to improve CIA

results.
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Chapter 9

Conclusion

Software product lines promote better management of multiple products sharing commonalities,

and have them developed in shorter time and with higher quality. However, extracting, managing,

and evolving features, from the perspective of either the requirements or the implementation, is

complicated in the following aspects: (1) manual techniques used for identifying and extracting

the features from the requirements document and adding them to the SPL are complex and error-

prone; (2) planning and executing feature changes in SPLs might affect all the products in the

product family; and (3) the absence of robust traceability links between the features and the code

artifacts makes it harder to keep the models and code artifacts synchronized.

In this dissertation, we proposed novel approaches to solve the above mentioned problems and

evaluated them using multiple techniques.

To address the identification and extraction of features from the requirements document and

adding them to the FM, we proposed an approach utilizing RSSE. We presented a prototype tool

named FFRE (Feature and Feature Relationship Extraction) that aims to assist in the extraction of

features, their types, and the relationships among them from requirements documents. FFRE is

based on natural language processing (NLP) techniques and heuristics to construct the FMs from

SRS documents for SPL-based systems. In order to evaluate our approach, we implemented FFRE

in Java as a plug-in for the Eclipse IDE. We conducted qualitative investigations into its validity.
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We also compared our results with other approaches and tools, answering the research question

RQ1.

We proposed an approach to semi-automatically perform CIA on delta-oriented programming

(DOP), a programming paradigm where product lines are composed of delta modules that can be

applied to inject variability in order to reach different products within the same family. This is

achieved by constructing a directed dependency graph by capturing and modelling the semantics

from the variability model (VM) and the source code artifacts. The VM is used to identify the

implicit relationships between implementation-level artifacts, while syntactic and semantic analy-

sis of the implementation details internal to the deltas are used to determine explicit relationships

between implementation-level artifacts. We evaluated such approaches using multiple case studies

and an experiment. We studied the unanticipated evolution of a software product family using two

approaches: separate products versus DOP. We answered the research question RQ2 by compar-

ing the ease of change within the two versions through a set of quantitative measurements and

qualitative observations. We compared six different configurations of our CIA approach plus one

other based on an existing approach (JRipples [Buckner et al., 2005]) by performing seven case

studies on three different SPLs developed using DOP to answer the research questions RQ3, RQ4,

and RQ5. We evaluated the support of CIAHelper in RTE scenarios by leveraging bi-directional

traceability (model-to-code and code-to-model), and the initial set of changes could either be from

either the model or the code artifacts by answering the research question RQ6. We conducted a

controlled experiment where software developers were given change requests to estimate using

CIAHelper against manual approach answering the research question RQ7.

9.1 Summary of contributions

The main contributions of this dissertation are:

1. an approach and prototype tool to assist in the extraction of features, their types, and the re-

lationships among them from requirements documents based on natural language processing
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(NLP) techniques and heuristics.

2. a study comparing the evolution of SPLs in DOP approach versus separate products. We

compared the ease of change within the two versions through a set of quantitative measure-

ments and qualitative observations. We find that both versions have strengths and weak-

nesses: complexity and incomplete support from DOP tools versus significant duplication

and error-proneness in the separate products.

3. our proposed approach for CIA in SPLE, through considering the VM, source code, and

source code history (as recorded in a version control system like Git). We capture and model

the dependencies by analyzing the semantics of both the VM and code artifacts to construct

a directed dependency graph.

4. the CIAHelper prototype that provides semi-automated support for CIA in DOP to assist in

planning and executing changes to either code artifacts or VM.

5. a study on how the proposed CIA approach can be utilized to support RTE.

6. an experimental study examining the use of CIAHelper in performing CIA in DOP.
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and Andrzej Wąsowski. A survey of variability modeling in industrial practice. In Proc. Int.

Wkshp. Variability Modelling of Software-Intensive Systems, pages 7:1–7:8, 2013. doi: 10.

1145/2430502.2430513.

Lorenzo Bettini, Ferruccio Damiani, and Ina Schaefer. Implementing software product lines using

traits. In Proc. ACM SIGAPP Symp. Applied Computing, pages 2096–2102, 2010. doi: 10.1145/

1774088.1774530.

Saad bin Abid. Resolving feature dependency implementations inconsistencies during product

derivation. In Proc. ECMFA Traceability Workshop, pages 31–38, 2010. doi: 10.1145/1814392.

1814397.

127



S. A. Bohner. Impact analysis in the software change process: A year 2000 perspective. In Proc.

IEEE Int. Conf. Software Maintenance, pages 42–51, 1996. doi: 10.1109/ICSM.1996.564987.

Goetz Botterweck, K. Lee, and Steffen Thiel. Automating product derivation in software product

line engineering. In Proc. Software Engineering, March 2009. URL http://ulir.ul.ie/handle/

10344/2086.

Claus Brabrand, Márcio Ribeiro, Társis Tolêdo, Johnni Winther, and Paulo Borba. Intraprocedu-

ral Dataflow Analysis for Software Product Lines, pages 73–108. Springer Berlin Heidelberg,

Berlin, Heidelberg, 2013. ISBN 978-3-642-36964-3. doi: 10.1007/978-3-642-36964-3_3.

Jim Buckley, Tom Mens, Matthias Zenger, Awais Rashid, and Günter Kniesel. Towards a taxon-

omy of software change: Research articles. J. Softw. Maint. Evol., 17(5):309–332, September

2005. ISSN 1532-060X. doi: 10.1002/smr.v17:5. URL http://dx.doi.org/10.1002/smr.v17:5.

Jonathan Buckner, Joseph Buchta, Maksym Petrenko, and Vaclav Rajlich. JRipples: A tool for

program comprehension during incremental change. In Proc. IEEE Int. Wkshp. Program Com-

prehenension, pages 149–152, 2005. doi: 10.1109/WPC.2005.22.

Nicolás Cardozo, Sebastian Günther, and Theo D’Hondt. Feature-oriented programming and

context-oriented programming: Comparing paradigm characteristics by example implementa-

tions. In Proc. Int. Conf. Software Engineering Advances, pages 130–135, 2011.

Jean-Marc Davril, Edouard Delfosse, Negar Hariri, Mathieu Acher, Jane Cleland-Huang, and

Patrick Heymans. Feature model extraction from large collections of informal product descrip-

tions. In Proc. ACM SIGSOFT Int. Symp. Foundations of Software Engineering, pages 290–300,

2013.

Florian Deissenboeck, Benjamin Hummel, and Elmar Juergens. Code clone detection in practice.

In Proc. ACM/IEEE Int. Conf. Software Engineering, volume 2, pages 499–500, 2010. doi:

10.1145/1810295.1810449.

128

http://ulir.ul.ie/handle/10344/2086
http://ulir.ul.ie/handle/10344/2086
http://dx.doi.org/10.1002/smr.v17:5


Jessica Díaz, Jennifer Pérez, Juan Garbajosa, and Alexander Wolf. Change impact analy-

sis in product-line architectures. In Proc. European Conf. Software Architecture, volume

6903 of Lecture Notes in Computer Science, pages 114–129. Springer, 2011. doi: 10.1007/

978-3-642-23798-0_12.

Nicolas Dintzner, Uirá Kulesza, Arie van Deursen, and Martin Pinzger. Evaluating feature change

impact on multi-product line configurations using partial information. In Proc. Int. Conf. Soft-

ware Reuse, volume 8919 of Lecture Notes in Computer Science, pages 1–16. Springer, 2015.

doi: 10.1007/978-3-319-14130-5_1.

Bogdan Dit, Michael Wagner, Shasha Wen, Weilin Wang, Mario Linares-Vásquez, Denys Poshy-

vanyk, and Huzefa Kagdi. ImpactMiner: A tool for change impact analysis. In Companion

Proc. ACM/IEEE Int. Conf. Software Engineering, pages 540–543, 2014. doi: 10.1145/2591062.

2591064.

Frank Dordowsky and Walter Hipp. Adopting software product line principles to manage software

variants in a complex avionics system. In Proc. Int. Software Product Line Conf., pages 265–

274, 2009. URL http://dl.acm.org/citation.cfm?id=1753235.1753272.

Ekwa Duala-Ekoko and Martin P. Robillard. Clone region descriptors: Representing and tracking

duplication in source code. ACM Trans. Software Engineering and Methodology, 20(1):3:1–

3:31, June 2010. doi: 10.1145/1767751.1767754.

Y. Dubinsky, J. Rubin, T. Berger, S. Duszynski, M. Becker, and K. Czarnecki. An exploratory study

of cloning in industrial software product lines. In Proc. European Conf. Software Maintenance

and Reengineering, pages 25–34, 2013. doi: 10.1109/CSMR.2013.13.

W. Fenske, J. Meinicke, S. Schulze, S. Schulze, and G. Saake. Variant-preserving refactorings

for migrating cloned products to a product line. In Proc. IEEE Int. Conf. Software Analysis,

Evolution and Reengineering, pages 316–326, 2017. doi: 10.1109/SANER.2017.7884632.

129

http://dl.acm.org/citation.cfm?id=1753235.1753272


S. Fischer, L. Linsbauer, R. E. Lopez-Herrejon, and A. Egyed. Enhancing clone-and-own with sys-

tematic reuse for developing software variants. In Proc. IEEE Int. Conf. Software Maintenance

and Evolution, pages 391–400, 2014. doi: 10.1109/ICSME.2014.61.

Critina Gacek and Michalis Anastasopoules. Implementing product line variabilities. In Proc.

ACM Symp. Software Reusability, pages 109–117, 2001. doi: 10.1145/375212.375269.

Hassan Gomaa and Michael E. Shin. Automated software product line engineering and product

derivation. In Proc. Hawaii Int. Conf. Systems Science, pages 285a:1–285a:10, January 2007.

doi: 10.1109/HICSS.2007.95.

Mostafa Hamza, Robert J. Walker, and Maged Elaasar. Unanticipated evolution in software product

lines versus independent products: A case study. In Proc. International Systems and Software

Product Line Conference, volume B, pages 97–104, 2017. doi: 10.1145/3109729.3109739.

Mostafa Hamza, Robert J. Walker, and Maged Elaasar. Ciahelper: towards change impact analysis

in delta-oriented software product lines. In Proceeedings of the 22nd International Systems and

Software Product Line Conference - Volume 1, SPLC 2018, Gothenburg, Sweden, September

10-14, 2018, pages 31–42, 2018. doi: 10.1145/3233027.3233036. URL https://doi.org/10.1145/

3233027.3233036.

Negar Hariri, Carlos Castro-Herrera, Jane Cleland-Huang, and Bamshad Mobasher. Recommenda-

tion systems in requirements discovery. In Recommendation Systems in Software Engineering,

pages 455–476. Springer, 2014.

W. Heider, R. Froschauer, P. Grünbacher, R. Rabiser, and D. Dhungana. Simulating evolution in

model-based product line engineering. Information and Software Technology, 52(7):758–769,

July 2010.

Wolfgang Heider, Rick Rabiser, and Paul Grünbacher. Facilitating the evolution of products in

product line engineering by capturing and replaying configuration decisions. Int. J. Software

Tools for Technology Transfer, 14(5):613–630, 2012a. doi: 10.1007/s10009-012-0229-y.

130

https://doi.org/10.1145/3233027.3233036
https://doi.org/10.1145/3233027.3233036


Wolfgang Heider, Rick Rabiser, Paul Grünbacher, and Daniela Lettner. Using regression testing to

analyze the impact of changes to variability models on products. In Proc. Int. Software Product

Line Conf., volume 1, pages 196–205, 2012b. doi: 10.1145/2362536.2362563.

Patrick Heymans, Quentin Boucher, Andreas Classen, Arnaud Bourdoux, and Laurent Demon-

ceau. A code tagging approach to software product line development. Int. J. Software Tools for

Technology Transfer, 14(5):553–566, 2012.

Susan Horwitz, Thomas Reps, and David Binkley. Interprocedural slicing using dependence

graphs. ACM Trans. Programming Languages and Systems, 12(1):26–60, 1990. doi: 10.1145/

77606.77608.

IEEE. Recommended practice for software requirements specifications. IEEE Std 830-1998, 1998.

IEEE. Standard for software and system test documentation. IEEE Std 829-2008, July 2008.

IEEE. ISO/IEC/IEEE International Standard – Systems and software engineering – Vocabulary.

ISO/IEC/IEEE 24765:2010(E), December 2010.

Nili Itzik and Iris Reinhartz-Berger. SOVA: A tool for semantic and ontological variability analysis.

In Proc. CAiSE Forum, pages 177–184, 2014a.

Nili Itzik and Iris Reinhartz-Berger. Generating feature models from requirements: Structural vs.

functional perspectives. In Proc. International Software Product Line Conference: Companion

Volume, volume 2, pages 44–51, 2014b.

M. Jiang, J. Zhang, H. Zhao, and Y. Zhou. Maintaining software product lines: An industrial

practice. In Proc. IEEE Int. Conf. Software Maintenance, pages 444–447, 2008. doi: 10.1109/

ICSM.2008.4658100.

Brittany Johnson, Yoonki Song, Emerson Murphy-Hill, and Robert Bowdidge. Why don’t software

developers use static analysis tools to find bugs? In Proceedings of the 2013 International Con-

131



ference on Software Engineering, ICSE ’13, pages 672–681, Piscataway, NJ, USA, 2013. IEEE

Press. ISBN 978-1-4673-3076-3. URL http://dl.acm.org/citation.cfm?id=2486788.2486877.

Steven Johnson and Zach Welch. Bad commit smells: Those who do not learn from their commit

history will be doomed to revert it, 2013. URL http://citeseerx.ist.psu.edu/viewdoc/download?

doi=10.1.1.660.2002&rep=rep1&type=pdf.

Elmar Juergens, Florian Deissenboeck, Benjamin Hummel, and Stefan Wagner. Do code clones

matter? In Proc. ACM/IEEE Int. Conf. Software Engineering, pages 485–495, 2009. doi:

10.1109/ICSE.2009.5070547.

Hermann Kaindl, Stefan Kramer, and Ralph Hoch. An inductive learning perspective on automated

generation of feature models from given product specifications. In Proceeedings of the 22Nd

International Conference on Systems and Software Product Line - Volume 1, SPLC ’18, pages

25–30, New York, NY, USA, 2018. ACM. ISBN 978-1-4503-6464-5. doi: 10.1145/3233027.

3233031. URL http://doi.acm.org/10.1145/3233027.3233031.

Kyo C. Kang and Hyesun Lee. Variability modeling. In Rafael Capilla, Jan Bosch, and Kyo-Chul

Kang, editors, Systems and Software Variability Management: Concepts, Tools and Experiences,

pages 25–42. Springer, 2013. doi: 10.1007/978-3-642-36583-6_2.

Cory Kapser and Michael W. Godfrey. ‘Cloning considered harmful’ considered harmful: Patterns

of cloning in software. Empirical Software Engineering, 13(6):645–692, December 2008. doi:

10.1007/s10664-008-9076-6.

Michael Käßmeyer, Michael Schulze, and Markus Schurius. A process to support a systematic

change impact analysis of variability and safety in automotive functions. In Proc. Int. Software

Product Line Conf., pages 235–244, 2015. doi: 10.1145/2791060.2791079.

Christian Kästner, Salvador Trujillo, and Sven Apel. Visualizing software product line variabilities

in source code. In Proc. Int. Software Product Line Conf., volume 2, pages 303–312, 2008.

132

http://dl.acm.org/citation.cfm?id=2486788.2486877
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.660.2002&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.660.2002&rep=rep1&type=pdf
http://doi.acm.org/10.1145/3233027.3233031


Steven Kelly and Juha-Pekka Tolvanen. Domain-Specific Modeling: Enabling Full Code Genera-

tion. John Wiley & Sons, 2008.

Günter Kniesel, Joost Noppen, Tom Mens, and Jim Buckley. Unanticipated software evolution.

In Workshop Reader Europ. Conf. Object-Oriented Progr., volume 2548 of Lecture Notes in

Computer Science, pages 20–21, 2002.

Heiko Koziolek, Thomas Goldschmidt, Thijmen de Gooijer, Dominik Domis, and Stephan Sehest-

edt. Experiences from identifying software reuse opportunities by domain analysis. In Proc. Int.

Software Product Line Conf., pages 208–217, 2013. doi: 10.1145/2491627.2491641.

Miguel A. Laguna and Yania Crespo. A systematic mapping study on software product line evo-

lution: From legacy system reengineering to product line refactoring. Science of Computer

Programming, 78(8):1010–1034, 2013.

William Landi. Undecidability of static analysis. ACM Letters in Programming Languages and

Systems, 1(4):323–337, December 1992. doi: 10.1145/161494.161501.

Andrea Leitner, Christopher Preschern, and Christian Kreiner. Effective development of automa-

tion systems through domain-specific modeling in a small enterprise context. Software & Sys-

tems Modeling, 13(1):35–54, 2014.

D. Lesaint and G. Papamargaritis. Towards software product lines a refinement-oriented generation

language. BT Technology Journal, 21(4):162–172, 2003.

Leximancer. URL http://info.leximancer.com/academic/. [Accessed 13-Dec-2014].

Yang Li, Sandro Schulze, and Gunter Saake. Reverse engineering variability from requirement

documents based on probabilistic relevance and word embedding. In Proceeedings of the 22Nd

International Conference on Systems and Software Product Line - Volume 1, SPLC ’18, pages

121–131, New York, NY, USA, 2018. ACM. ISBN 978-1-4503-6464-5. doi: 10.1145/3233027.

3233033. URL http://doi.acm.org/10.1145/3233027.3233033.

133

http://info.leximancer.com/academic/
http://doi.acm.org/10.1145/3233027.3233033


RA. Likert. A technique for the development of attitudes. Arch Psychol, 140:5–55, 1932. URL

https://ci.nii.ac.jp/naid/10020587221/en/.

Sascha Lity, Matthias Kowal, and Ina Schaefer. Higher-order delta modeling for software product

line evolution. In Proc. Int. Wkshp. Feature Oriented Software Development, pages 39–48, 2016.

doi: 10.1145/3001867.3001872.

Lucene. URL http://lucene.apache.org/core/. [Accessed 13-Nov-2014].

Maíra Marques, Jocelyn Simmonds, Pedro O Rossel, and María Cecilia Bastarrica. Software

product line evolution: A systematic literature review. Information and Software Technology,

105:190 – 208, 2019. ISSN 0950-5849. doi: https://doi.org/10.1016/j.infsof.2018.08.014. URL

http://www.sciencedirect.com/science/article/pii/S0950584918301848.

Jabier Martinez and Anil Kumar Thurimella. Collaboration and source code driven bottom-up

product line engineering. In Proc. Int. Software Product Line Conf., volume 2, pages 196–200,

2012. doi: 10.1145/2364412.2364445.

Jabier Martinez, Wesley K. G. Assunção, and Tewfik Ziadi. ESPLA: A catalog of extractive SPL

adoption case studies. In Proc. Int. Systems and Software Product Line Conf., pages 38–41,

2017. doi: 10.1145/3109729.3109748.

Raúl Mazo, Cosmin Dumitrescu, Camille Salinesi, and Daniel Diaz. Recommendation heuristics

for improving product line configuration processes. In Recommendation Systems in Software

Engineering, pages 511–537. Springer, 2014.

J. D. McGregor, D. Muthig, K. Yoshimura, and P. Jensen. Guest editors’ introduction: Successful

software product line practices. IEEE Software, 27(3):16–21, May 2010.

Bartosz Michalik and Danny Weyns. Towards a solution for change impact analysis of software

product line products. In Proc. IEEE/IFIP Working Conf. Software Architecture, pages 290–293,

2011. doi: 10.1109/WICSA.2011.45.

134

https://ci.nii.ac.jp/naid/10020587221/en/
http://lucene.apache.org/core/
http://www.sciencedirect.com/science/article/pii/S0950584918301848


Jean-Vivien Millo, Frédéric Mallet, Anthony Coadou, and S. Ramesh. Scenario-based verification

in presence of variability using a synchronous approach. Frontiers of Computer Science, 7(5):

650–672, 2013.

Leticia Montalvillo and Oscar Díaz. Requirement-driven evolution in software product lines: A

systematic mapping study. J. Systems and Software, 122:110–143, 2016. doi: 10.1016/j.jss.

2016.08.053.

Alexandr Murashkin, Michał Antkiewicz, Derek Rayside, and Krzysztof Czarnecki. Visualization

and exploration of optimal variants in product line engineering. In Proc. Int. Software Product

Line Conf., pages 111–115, 2013. doi: 10.1145/2491627.2491647.

Leandro Marques Nascimento, Eduardo Santana de Almeida, and Silvio Romero de Lemos Meira.

A case study in software product lines: The case of the mobile game domain. In Proc. EU-

ROMICRO Conf. Software Engineering and Advanced Applications, pages 43–50, 2008.

L. Neves, P. Borba, V. Alves, L. Turnes, L. Teixeira, D. Sena, and U. Kulesza. Safe evolution

templates for software product lines. J. Systems and Software, 106(C):42–58, August 2015. doi:

10.1016/j.jss.2015.04.024.

Nan Niu and Steve M. Easterbrook. Extracting and modeling product line functional requirements.

Proc. IEEE Int. Requirements Engineering Conf., pages 155–164, 2008.

OpenNLP. URL https://opennlp.apache.org/cgi-bin/download.cgi. [Accessed 13-Dec-2014].

Kibum Park, Duksan Ryu, and Jongmoon Baik. An integrated software management tool for

adopting software product lines. In Proc. IEEE/ACIS Int. Conf. Computer and Information

Science, pages 553–558, 2012.

Paulius Paskevicius, Robertas Damasevicius, and Vytautas Štuikys. Change impact analysis of

feature models. In Proc. Int. Conf. Information and Software Technologies, volume 319 of

135

https://opennlp.apache.org/cgi-bin/download.cgi


Communcations in Computer and Information Science, pages 108–122. Springer, 2012. doi:

10.1007/978-3-642-33308-8_10.

Leonardo Passos, Jianmei Guo, Leopoldo Teixeira, Krzysztof Czarnecki, Andrzej Wasowski, and

Paulo Borba. Coevolution of variability models and related artifacts: A case study from the

Linux kernel. In Proc. Int. Software Product Line Conf., pages 91–100, 2013. doi: 10.1145/

2491627.2491628.

Leonardo Passos, Leopoldo Teixeira, Nicolas Dintzner, Sven Apel, Andrzej Wąsowski, Krzysztof
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Appendix A

Requirements files for FFRE

This appendix contains the requirements documents presented in Itzik and Reinhartz-Berger [2014b]

and used for the evaluation detailed in Chapter 2.

A.1 File 1

A1 After the system verifies the purchase’s payments details, the supplier confirms the purchase.

The system asks for shipment details.

A2 The system supports paying with credit cards. If a customer pays with a credit card, the

system approves first the payment by contacting the credit card company.

A3 When the system completes recording an order, the supplier can ship the ordered products

to the customer. The system sends the shipping documents via email.

A4 When the system finalizes a software order details, the supplier ships the ordered product

via email. The system sends the shipping documents.

A5 The system supports different shipping options. However, if a customer buys a very small

product, the system supports only air mail shipping.

A6 The system displays the available products. When a registered customer buys a product,

the system updates the inventory.

A7 The system supports paying with gift cards. If a customer pays with a gift card, the system
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supports only land shipping.

A8 A customer can track the purchase status. The system provides details on the product

delivery status.

A9 The system presents the product return page. If the customer returns a product, the system

updates the inventory.

A10 The system presents the product page. When a supplier enters new products, the system

updates the catalog.

A11 The system enables customers writing reviews on products. When a customer reviews a

product, the system sends the product review to the relevant supplier.

A.2 File 2

B1 When a supplier receives new products, he enters the new products to the system. The system

updates the catalog.

B2 When the system presents the available products list, a customer can purchase a product.

The system updates the shopping cart.

B3 The system presents the ordering page. If a customer purchases a product, the system

updates the inventory.

B4 When the system finalizes a software order details, the supplier ships the ordered product

via email. The system updates the product delivery status.

B5 When the system validates purchase details, the supplier confirms the purchase. The system

clears the shopping cart.

B6 The system supports paying with PayPal. If a customer pays with PayPal, the System

verifies the PayPal payment information.

B7 The system provide tracking options. When a customer tracks the product’s order status,

the system presents the shipment details.
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B8 The system can handle product return. If a customer returns a damaged product, the system

sends a negative review on the product to the supplier.

B9 The system allows canceling an order. If a customer cancels an order that has not been

shipped, the system refunds the payment.

B10 The system allows canceling an order. When a customer cancels an order that has been

shipped, the system updates the payment by including the goods return impact.

B11 The system can maintain product reviews. If a registered customer reviews a product, the

system stores the product review, by product category.
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Appendix B

CIA Evaluation Materials

This appendix contains all of the supporting materials for the evaluation detailed in Chapter 6.

The training task asks the participant to add a new product. The detailed steps of the training

task is included in Section B.1

For the CIA tasks, we handed identical description for both the manual and the tool-assisted

tasks. The detailed description is shown in Sections B.2 and B.3.

Three questionnaires were used in this experiment. The pre-study questionnaire is included in

Section B.4. The post-task questionnaire which was answered by the participants after each CIA

task, regardless of the followed treatment, is included in Section B.5 . The final questionnaire is

given in Section B.6.
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B.1 Training task

This repository is for the training purposes about delta-oriented programming for software product

lines.

What is Software Product Line Engineering (SPLE)?

It is an approach that aims to better manage software products that share commonalities. They

typically utilize a combination of models, version control systems, and implementation strategies

to support commonalities and variabilities in software products.

What is Delta-oriented SPL?

It is a paradigm used to implement product lines based on deltas (i.e., changes that can be

applied on top of each other to achieve the desired functionality).

Where to start?

You will need to open the solution in Eclipse IDE. Locate the file DPL_DOP.spl file. The file

consists of the following sections:

1. Features: The set of features that needs to be included in a product

2. Deltas: The set of deltas that match those features

3. Constraints:

4. Partitions: How the features and the deltas are mapped

5. Products: The set of products that can be generated based on the selection of the features

What is DPL?

It is a software product line for drawing lines and rectangles.

What is a Delta file?

A delta file ends with the extension .deltaj. It has the operations: add, remove and modify

that can be applied on a java class or more to add/modify/remove new methods, variables, classes,

enums, imports ... etc.
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IMPORTANT deltas/features being applied to only 1 product will not affect the rest of the products

unless they are selected

What is required?

1. Add another product named V0P2 to the products section:

V0P2 = {Canvas, Line, Main, Rectangle};

2. Save the file. This will trigger a pop-up.

3. Generate the product V0P2 and run it.
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B.2 Task 1

You received a change request to add a new feature named Wipe to the product line, Drawing

Product Line (DPL). The functionality for it is to wipe the screen after drawing rectangles and

lines. You received the DeltaJ code file for that feature and it has been already added to the product

line configuration file. This feature will be added to a new product to the product family that will

have the following setup:

V0P12 = Canvas, Main, Rectangle, Wipe, Color;

For this purpose, you are now tasked to investigate which code files will be affected by such a

change.

Steps:

1. Copy the file dWipe.deltaj from wipe_feature folder into src one

2. Investigate which parts dWipe touches, and what is the impact of adding it. What are other

places affected, why?

3. Generate the project V0P12 and investigate the final code

4. Finalize the list of affected changes.

5. Fill Task 1 Questionnaire.

148



B.2.1 Task 1: dWipe.deltaj

de l t a dWipe {

mod i f ies org . lsmr .DPL. Canvas {

adds public void wipe ( ) {

th is . r ec t s . c l ea r ( ) ;

th is . r e p a i n t ( ) ; } }

mod i f ies org . lsmr .DPL. Main {

adds private s t a t i c f i n a l S t r i n g wipeText = " Wipe " ;

adds JButton wipeButton ;

removes in i tA toms ( ) ;

adds public void i n i tA toms ( ) {

components = new Ar rayL i s t <Component > ( ) ;

Component component = new Component ( ) ;

component . name = rec tTex t ;

component . i tem = new JButton ( rec tTex t ) ;

component . type = FigureTypes .RECT;

components . add ( component ) ;

component = new Component ( ) ;

component . name = wipeText ;

component . i tem = new JButton ( wipeText ) ;

component . type = FigureTypes .NONE;

components . add ( component ) ;

/ / Add the names of the co lo r op t ions here using Vector ' s add method

co lo rs . add ( b lack ) ;

co lo rs . add ( red ) ;

co lo rs . add ( green ) ;

co lo rs . add ( blue ) ;
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colorsBox = new JComboBox( co lo rs ) ;

colorsBox . setSelectedIndex ( 0 ) ;

co lorsPanel . add ( colorsBox ) ;

component = new Component ( ) ;

component . i tem = colorsPanel ;

component . type = FigureTypes .NONE;

components . add ( component ) ;

} / / i n i tA toms

removes i n i t L i s t e n e r s ( ) ;

adds public void i n i t L i s t e n e r s ( ) {

for ( Component i tem : components ) {

i f ( i tem . i tem instanceof JButton ) {

i f ( i tem . type == FigureTypes .NONE) {

( ( JButton ) i tem . i tem ) . addAct ionL is tener (new Ac t i onL i s t ene r ( ) {

public void act ionPerformed ( Act ionEvent e ) {

canvas . wipe ( ) ; } } ) ; }

else {

( ( JButton ) i tem . i tem ) . addAct ionL is tener (new Ac t i onL i s t ene r ( ) {

public void act ionPerformed ( Act ionEvent e ) {

canvas . se lec tedF igure ( i tem . type ) ; } } ) ; } }

else i f ( i tem . i tem instanceof JPanel ) {

JPanel panel = ( JPanel ) i tem . i tem ;

( ( JComboBox ) panel . getComponent ( 0 ) ) . addAct ionL is tener (new Ac t i onL i s t ene r ( ) {

public void act ionPerformed ( Act ionEvent e ) {

i f ( e . getSource ( ) == colorsBox ) {
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S t r i n g c o l o r S t r i n g = ( ( S t r i n g ) colorsBox . getSelectedI tem ( ) ) ;

canvas . se tCo lor ( c o l o r S t r i n g ) ;

} } } ) ; } } } } }
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B.3 Task 2

You received a change request to refactor a feature named Canvas to the product line, Drawing

Product Line (DPL). As part of your clean-up and refactoring, you found out that there are some

dead code that might not be required anymore. You will need to identify which parts might be

affected by your changes.

The following methods needs to be removed from dCanvas.deltaj:

/ / * * * * * * * * * * * * * * * * Manage Line

public void mousePressedLine ( MouseEvent e ) {

}

/ * * Updates the end po in t coord ina tes and repa in t s f i g u r e * /

public void mouseDraggedLine ( MouseEvent e ) {

}

/ * * Clears the re ference to the new l i n e * /

public void mouseReleasedLine ( MouseEvent e ) {

}

For this purpose, you are now tasked to investigate which code files will be affected by such a

change.

Steps:

1. Go to the delta file dCanvas.deltaj

2. Identify the above lines in dCanvas and investigate which other .deltaj and .java code files

are going to be affected.

a. Hint: On top of each java code file generated, it will list all the deltas affecting a code file.

You might need to go back to those deltas.

3. Generate all the projects and investigate the final code
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4. Finalize the list of affected changes (products, deltas, java code files).

5. Fill Task 2 Questionnaire.
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B.4 Pre-study questionnaire

Participant ID:

Current occupation?

Graduate Student

Industrial Developer

If you are a student, have you ever been employed as a developer in industry?

Yes

No

If yes, for how long?

Years of development experience (note: basic, Pascal et al. do not count)?

Years developing with Java?

How familiar are you with Java?

1. Not familiar, have never used it

2. Have used it once or twice

3. I have used it for a short periods in the past

4. I often use it, or have actively used it in the past

5. It is my everyday development language

Do you regularly use an IDE while developing software?

Yes

No

If yes, which IDE do you primarily use?

Have you ever used the Eclipse IDE?

How familiar are you with Eclipse?

1. Not familiar, have never used it
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2. Have used it once or twice

3. I have used it for a short period in the past

4. I often use it, or have actively used it in the past

5. It is my everyday development environment

Are you familiar with the term Software Product Line (SPL)?

1. Not familiar, have never heard about it

2. Have heard about it once or twice

3. I have used it for a short periods in the past

4. I often use it, or have actively used it in the past

5. It is my everyday development

Have you implemented change requests before?

Yes

No

If yes, for how often?

If yes, was it targeting similar components or different components for each change?

Mention up to three reasons that would stop you from implementing a change request

1.

2.

3.
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Have you ever terminated a change request after starting it?

Yes

No

If yes, what are the reasons?

How do you evaluate the feasibility of applying code changes?

Additional Comments:
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B.5 Post-task questionnaire

Participant ID:

Task: Approach: Manual / Tool-based

How did you find the task?

1. Difficult

2. Moderately Difficult

3. Okay

4. Moderately Easy

5. Easy

How well do you think you did the task?

Did the task take more time or less than you anticipated at the beginning?

More

Less

What three things (difficulties) made the task hard?

1.

2.

3.

What three things made the task easy?

1.

2.

3.
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Did the approach used, help you or hinder you?

What did you dislike about the used approach?

Do you have any suggestions for improving the used approach?

Do you have any other comments?
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B.6 Post-study questionnaire

Participant ID:

Compare and contrast between the kinds of problems you faced when using the manual ap-

proach vs. those faced when using our tool.

Was the task easier or harder to perform with our tool support? Why?

Which approach do you think would be easier to estimate the required changes?

Which approach do you think you were more confident with when estimating the required

changes?

1. Strongly preferred manual approach

2. Somewhat preferred manual approach

3. Neither was better

4. Somewhat preferred the tool support

5. Strongly preferred the tool support

Why?

Using the tool, I was more likely to succeed in estimating the changes needed.

1. Strongly disagree

2. Disagree

3. Neither agree nor disagree

4. Agree
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5. Strongly agree

I feel I could attempt larger changes and modification tasks using the novel tool support than

if I were to perform them without it.

1. Strongly disagree

2. Disagree

3. Neither agree nor disagree

4. Agree

5. Strongly agree

I would use the novel tool with its existing functionality again.

1. Strongly disagree

2. Disagree

3. Neither agree nor disagree

4. Agree

5. Strongly agree

Do you have any other comments?
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Appendix C

Detailed Case Study Results

In this Appendix, we will go through the detailed results comparing the first five cases (1–5), based

on “VM only”, “Code Only”, “VM and Code”, “VM, Code and History (using Heuristics)” and

“VM, Code and History (using history occurrences)”. The highlighted green items are the true

positives selected by CIAHelper.
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