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ABSTRACT

Conditional compilation is often used to implement variability in con gurable systems.
This technique relies on #ifdefs to delimit feature code. Previous studies have shown that
#ifdefs may hinder code comprehensibility. However, those studies did not explicitly take
feature dependencies into account. Feature dependency occurs when di erent features
refer to the same program element, such as a variable. Comprehensibility may be even
more a ected in the presence of feature dependency, as the developer must reason about
di erent scenarios a ecting the same variable. Our goal is to understand how feature
dependency a ects the comprehensibility of con gurable system source code. We con-
ducted four complementary empirical studies. In Study 1, forty-six developers responded
to an online experiment. They executed tasks in which they had to analyze programs
containing #ifdefs with and without feature dependency. However, feature dependencies
may be of di erent types depending on the scope of the shared variable. In Study 1, we
were not concerned with di erent types of dependency. Thus, in Study 2, we carried out
an experiment in which 30 developers debugged programs with di erent types of feature
dependency. Each program included a di erent type of feature dependency: global, in-
traprocedural, or interprocedural. We used an eye-tracking device to record developers'
gaze movements while they debugged programs. However, feature dependencies do not
di er from each other only in terms of types. They can also present di erences in terms of
number of dependent variables and degree of variability, among others. To address those
characteristics, we complemented Study 1 and 2 by means of Studies 3 and 4. In Study
3, we executed a controlled experiment with 12 participants who analyzed programs with
di erent numbers of dependent variables and number of uses of dependent variables. In
Study 4, we carried out an experiment in which 12 developers analyzed programs with
di erent degrees of variability. Our results show that: (i) analyzing programs containing
#ifdefs and feature dependency required more time than programs containing #ifdefs but
without feature dependency, (ii) debugging programs with #ifdefs and global or inter-
procedural dependency required more time and higher visual e ort than programs with
intraprocedural dependency, (iii) the higher the number of dependent variables the more
di cult it was to understand programs with feature dependency, and (iv) the degree
of variability did not a ect the comprehensibility of programs with feature dependency.

In summary, our studies showed that #ifdefs a ected comprehensibility of con gurable
systems in di erent degrees depending on the presence or not of feature dependency, on
the type of feature dependency, and on the number of dependent variables.

Keywords:  Con gurable systems, comprehensibility, feature dependency.
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Chapter

INTRODUCTION

1.1 GENERAL CONTEXT

Software development companies search for ways to increase productivity and reduce
production costs. Con gurable systems have become a wa@l(EMENTS; NORTHROP,
2002 SCHMID; RUMMLER, 2012 CAVALCANTE et al. , 2012, as they support the
creation of di erent systems with adapted con gurations, promoting the systematic reuse
of software components and asset€(EMENTS; NORTHROP, 2003. Con gurable sys-
tems are made up of several features that may be enabled or disabled allowing variability
(GARVIN; COHEN, 2011). The features that di er the con gurations of a con gurable
system are called variability APEL; BEYER, 2011).

There are large industrial product lines CLEMENTS; NORTHROP, 2002 BERGER
et al., 2019 and open-source systems, like the Linux kernel, that are examples of con g-
urable systems ABAL; BRABRAND; WASOWSKI , 2014 ABAL et al., 2018. Develop-
ing con gurable systems requires developing codes that promote variability, in addition to
traditional implementations of features, structures, processes, interfaces, among others.
One of the techniques most used to allow variability is conditional compilation. By means
of preprocessor directives, like #ifdef, this technique allows developers to include or ex-
clude code fragments that will or will not be compiled ERNST; BADROS; NOTKIN,
2002 LIEBIG et al., 201Q GARVIN; COHEN, 2011. While programming, developers
use #ifdefs to delimit code fragments related to optional or alternative features. Then,
only features explicitly enabled are compiled.

On the Listing 1.1, we have an example of using conditional compilation in code
snippets limited by #ifdefs. Between lines 8 and 11 we have a piece of code of feature A
and between lines 13 and 15 a piece of code of feature B. Each piece of code delimited
by #ifdefs is part of the scope of each feature and it will only be compiled if the features
are enabled. For a feature to be enabled, it must be previously de ned and enabled in
a system con guration le or in the source code header itself. To de ne features we use
the command#define . Lines 4 and 5 on Listingl.1 de ne and enable features A and
B. Therefore, this example illustrates a source code snippet where the source code of
features A and B will be compiled.



2 INTRODUCTION

Listing 1.1 Code example with feature implementation using #ifdef

1 #include <stdio.h>
2 #include <conio.h>
3 ...

4 #define A

5 #define B

6 ...

7 int main(){

8 #ifdef A

9 int  x;

10 X = 1;

11 #endif

12 ...

13 #ifdef B

14 X++;

15 #endif

16 }

(BANIASSAD; MURPHY , 1998 RIBEIRO et al., 2010 MEDEIROS; RIBEIRO;
GHEYI, 2013a RIBEIRO; BORBA; KASTNER , 2014 MEDEIROS et al., 2015 RO-
DRIGUES et al., 2019. Spencer and Collyer SPENCER; COLLYER, 1992 presented,
in an initial study, some activities that are impaired by #ifdef during a maintenance task
and highlighted localizing feature dependencies as one of those activities. Mede@bal.
(MEDEIROS et al., 2015 MEDEIROS et al., 20173 focused their studies on evaluating
the number of possibilities for applying refactorings in con gurable systems. They con-
cluded that the use of #ifdef generates several problems that harm refactorings, including
the fact that, #ifdefs tend to generate a high number of dependencies between features.
They also mentioned the importance of disciplining the use of #ifdef to facilitate the task
of maintenance MALAQUIAS et al., 2017.

In Listing 1.1 we have an example of feature dependency. The variablas de ned
inside feature A and has its value incremented inside feature B. In this case, feature
B depends on feature A, because of variable which is, thus, called dependent vari-
able. Maintainability problems involving feature dependencies happen when a developer
changes the behavior of a dependent variable in a feature and does not consider all the
e ects of this change on other dependent features. In Listinf).1, a developer could, for
example, change the type or name of the variabbe and this change would re ect on
feature B and all other features dependent on feature A.

Previous studies have stated that the use of code with #ifdef is prone to introducing
defects in source code and increasing the complexity of con gurable systerh¢EBIG
et al., 2010 GARVIN; COHEN, 201). For example, on in Listing 1.1 the developer
needs to mentally simulate the execution of the source code in Listing 1.1 considering
four possible con guration scenarios: (i) only feature A enabled, (ii) only feature B
enabled, (iii) both features enabled and (iv) both features disabled. These possibilities
for various con guration combinations make con gurable systems complex and di cult
to understand. Comprehensibility is hinder because the multiple scenarios obfuscate the
source code, making maintenance defect-prone and costyAFEO et al., 2012. As a



1.1 GENERAL CONTEXT 3

consequence, the so-called variability bugs are likely to be introduced.

A variability bug is a defect that occurs only in some scenarios of a con gurable
system, but not in all, when features are enabled or noOERNST; BADROS; NOTKIN,
2002 MEDEIROS; RIBEIRO; GHEYI , 20133 ABAL; BRABRAND; WASOWSKI , 2014
MEDEIROS et al., 2015 BRAZ et al., 2019. Listing 1.1shows an example of a variability
bug involving feature dependency. If a developer chooses a con guration with feature A
disabled and feature B enabled, we will have a variability bug, as the piece of code where
variable x is de ned (feature A) will not be compiled and the piece of code of feature B uses
x variable on line 7. In this case, the compiler will not warn the programmer that there
is an unde ned variable bug, since the compiler still does not know which features will be
compiled. The developer will only realize this when compiling a con guration in which
this defect appears. Some studies show that variability defects occur frequentsRNST;
BADROS; NOTKIN, 2002 GARVIN; COHEN, 2011 MEDEIROS; RIBEIRO; GHEYI ,
20133 ABAL; BRABRAND; WASOWSKI , 2014 MEDEIROS et al., 2015 BRAZ et al.,
2016 ABAL et al., 2018.

Listing 1.2 Source code of GLib

1 GlnetAddress *g_inet_address_new_from_string (...) {
2 #ifdef G_OS_WIN32
struct sockaddr_storage sa;

3

4
5 gint len;

6 #else

7

8 #endif

9 (void) g_inet_address_get_type ();

10
11}

Listing 1.2 displays a code snippet fromGLib?, a real con gurable system avail-
able in the Git repository?. GLib is a general purpose library for applications written
in C. Line 1 of Listing 1.2 presents theg_inet_address_new_from_string function
that parses a string containing an IP address. Inside this function, there is a call to
g_inet_address_get type() (line 9). To ensure that the compiler did not optimize the
return value of this function, the developer had to modify this code. For this, She or he
added a variable to the source code to receive the return value of the function. Listing
1.3 shows these modi cations. The developer added tgpe variable on line 5 in blue
and on line 10 in yellow she or he assigns the return value of the function to tiygpe
variable.

Observing Listing 1.3 we noticed that these changes generated a variability defect.
The defect happens because thgpe variable (line 5) was de ned inside a #ifdef block
and, therefore, is only accessible when tH@_OS_WIN3@ature is enabled. If we do not
enableG_OS_WIN3Bat is, in a non-Windows system, we will get an unde ned variable

Ihttps://developer.gnome.org/glib/
2https://git.gnome.org/browse/glib/
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variability bug because the variabletype will be used without having been de ned and
we will not be able to compile the code. Note that this case is simple, but it happens
frequently in real con gurable systems because of the di erent features of the system
(ABAL; BRABRAND; WASOWSKI , 2019. This type of bug, as well as the one in the
Listing 1.1are not accused by compilers or identi ed during code development, sometimes
they are only identi ed at compile time or runtime if the feature containing the defect is
enabled in that con guration.

Listing 1.3 Modi ed source code of GLib

1 GlnetAddress *g_inet_address_new_from_string (...) {
2 #ifdef G_OS_WIN32
struct sockaddr_storage sa;

3

4 ‘

5 volatie GType type; | |

6

7

8 ‘
I

gint len;
#else
9 #endif
|10 type = g_inet_address_get_type ();

11
12} I

Listing 1.4 Fixed variability bug in GLib

1 GlnetAddress *g_inet_address_new_from_string (...) { I

2 voltle GType tpe; l

3 #ifdef G_OS_WIN32

4 struct sockaddr_storage sa;

5

6 gint len;

7 #else

8

9 #endif

10 type = g_inet_address_get_type ();

Listing 1.4 shows a code modi cation to x the variability bug. The developer moved
the de nition of the variable type to a mandatory part of the code, moving it from line 5
to line 2. The result of this modi cation is the code in the Listing1.4. This modi cation
guarantees the presence of the code that de nes the varialiigoe (in blue) ceasing this
dependency and correcting the problem.

Many researchers suggest that scenarios lik&Lib, which need modi cation in source
code with #ifdefs, increase problems and maintenance e ort, as they harm the compre-
hensibility by forcing the developer to think about di erent scenarios a ecting the same
variable (CATALDO et al. , 2009 RIBEIRO et al., 201Q RIBEIRO et al., 2012 QUEIROZ
etal., 2012 SCHULZE et al,, 2013 RIBEIRO; BORBA; KASTNER , 2014 RODRIGUES
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et al., 2016 CAFEO et al., 2016 MELO; BRABRAND; WASOWSKI , 2016 MELO et
al., 2017 MALAQUIAS et al., 2017 OLIVEIRA; CAFEO; HORA , 2019.

1.2 PROBLEM STATEMENT

This section provides an overview of the research problems that motivate thesis.

Problem 1. Feature dependency can aect the comprehensibility of con-
gurable systems.

Con gurable systems usually include a high number of features implemented with
#ifdefs. Thus, it is likely that two or more features share program elements and obfuscate
the source code, causing di culty for understanding it.

The developer when debugging codes with #ifdef needs to reason about di erent pos-
sible scenarios to understand a con gurable system. Schuleeal. (SCHULZE et al.,
2013 showed that #ifdefs make program debugging more di cult and time-consuming.
Melo et al. (MELO et al., 2017 compared source code snippets with and without #ifdefs
and con rmed that #ifdefs increased debugging time and developer visual e ort. How-
ever, these studies do not explicitly consider feature dependencies when investigating the
comprehensibility of source code with #ifdef. The e ort to understand source code that
contains feature dependencies can be even higher than code without dependencies, as
developers need to reason about di erent scenarios that a ect the same variable.

Problem 2: In uence of feature dependency types on source code compre-
hensibility of con gurable systems.

Feature dependencies are common in practideIBEIRO; BORBA; KASTNER , 2014.
Source code with feature dependency have di erent characteristics that depend on the
de nition scope of the shared variable. Rodriguest al. de ned three types of features
dependencies: global, intraprocedural, and interprocedurdRODRIGUES et al., 2016.
Rodrigueset al. (RODRIGUES et al., 2016 stated that interprocedural dependencies
occur more frequently and that they can be more di cult to detect and correct. However,
it is necessary to understand more clearly and with other perspectives how #ifdefs a ect
comprehensibility when their use causes di erent types of feature dependency.

Problem 3: Inuence of the number of dependent variables on the com-
prehensibility of source code of con gurable systems.

#ifdefs a ect comprehensibility when their use implies di erent types of feature de-
pendencies BANTOS; SANT'ANNA, 2019. However, feature dependencies do not di er
from each other only in terms of types, they can also present di erences in terms of the
number of dependent variables, the number of uses of each of these variables, variability,
functions, data ow, control- ow, among others.

The dependency between two features may include just one dependent variable or
more than one. It is reasonable to suspect that a high number of dependent variables
and their uses makes the analysis of variability scenarios more complex. In this sense, it is
also important investigating whether the comprehensibility of con gurable systems varies
not only based on the types of feature dependencies but also according to the number of
dependent variables present in the source code.

Problem 4: In uence of degree of variability on the comprehensibility of
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source code of con gurable systems.

A study by Melo et al. (MELO; BRABRAND; WASOWSKI , 2019 indicates that
the time to nd defects in con gurable systems increases linearly with the increase of
variability. Their study also reveals that increasing the variability does not a ect the
e ectiveness of nding defects. Despite an important contribution, their study did not
control the number of dependent variables either the number of uses of dependent vari-
ables.

It is necessary to understand more clearly how degrees of variability a ect program
comprehension controlling factors that in uence in the comprehensibility of source code
of con gurable systems like feature expressions, feature constant and dependent variables.

1.3 MAIN GOAL AND RESEARCH QUESTIONS

This work addresses the following overall research question:

How does feature dependency a ect the comprehensibility of con gurable
systems source code?

In this context, our general objective is to investigate the in uence of feature depen-
dency on the comprehensibility of source code of con gurable systems implemented with
#ifdefs. Besides the presence of feature dependency, we investigate some characteris-
tics of feature dependencies we suppose that can impact source code comprehensibility,
namely: (i) types of dependency, (ii) number of dependent variables, and (iii) number
of feature expressions and feature constants involved in the dependencies. For this, we
undertake empirical analyses that take into account the cognitive and behavioral factors
of developers, supported by eye tracker and heart rate monitor (smartwatch).

We expected that our ndings with this work can inspire, as future work, the cre-
ation of tools to support programmers for the challenges of reasoning about dependencies
between features, contributing to more e ective debugging and, ultimately, decreasing
defects in con gurable systems.

RQ1: Does feature dependency a ect the comprehensibility of con gurable systems?

Our rst research question deals with problem 1 (Sectiorl.2). We investigated
whether or not code containing feature dependency a ected the comprehensibility of
con gurable systems.

For that we carried out our Study 1, an online experiment with forty-six developers.
A online experiment is a research method for collecting information that describes, com-
pares or explains knowledge, attitudes, and behavior®FLEEGER; KITCHENHAM
2001 KOHAVI et al. , 2009 BAKSHY; ECKLES; BERNSTEIN , 2014. Participants per-
formed tasks in which they had to analyze programs containing #ifdef with and without
feature dependency. We quanti ed comprehensibility by means of the time and number
of tentative participants took to answer each task correctly.

RQ2: How do di erent types of feature dependency a ect source code comprehensibility
of con gurable systems?
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This research question refers to problem 2. Therefore, we investigated how di erent
types of feature dependencies a ect the comprehensibility of con gurable systems.

We performed Study 2, a controlled experiment with 30 participants who debugged
programs with di erent types of feature dependencies while their eye movements were
recorded. We quanti ed comprehensibility using metrics based on participants' visual
e ort, time spent on each task, and number of tasks performed correctly.

RQ3: How do di erent numbers of dependent variables a ect the comprehensibility of
con gurable system source code?

This research question answered Problem 3. Thus, we analyzed how the compre-
hensibility of con gurable systems were a ected by feature dependencies with di erent
characteristics in terms of number of dependent variables.

For that, we executed Study 3, a controlled experiment with 12 participants who
analyzed programs trying to specify the output. We quanti ed comprehensibility using
metrics based on time and tentative to answer tasks correctly, participants visual e ort
and participants' heart rate.

RQ4: How do degrees of variability a ect the comprehensibility of con gurable system?

This research question answered Problem 4. Thus, we investigated how the com-
prehensibility of con gurable systems were a ected by degrees of variability taking into
account dependent variables, feature expressions and feature constant.

For that, we executed Study 4, a controlled experiment with 12 participants who
analyzed programs trying to specify the output. We also quanti ed comprehensibility
using metrics based on time and tentative to answer tasks correctly, participants visual
e ort and participants' heart rate.

1.4 CONTRIBUTIONS

The contributions of this thesis are:

Feature dependency state-of-the-art since we contributed to updating the knowledge
of feature dependency in con gurable systems;

Understanding how feature dependencies a ect comprehensibility in terms of the
time and attempt to specify the output in con gurable systems (Chapter3).

Understanding how di erent types of feature dependency a ect the comprehensi-
bility in terms of the time, attempt, and visual e ort of bug- nding in con gurable
systems (Chapter4).

Understanding how di erent numbers of dependent variables a ect the comprehen-
sibility in terms of the time, tentative, visual e ort, and heart rate variability of
specify the output in con gurable systems (Chaptel5).
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Understanding how di erent degrees of variability a ect comprehensibility in terms
of the time, tentative, visual e ort, and heart rate variability of specify the output
in con gurable systems (Chapter6).

Providing the rst studies of feature dependency using smartwatch (Chaptes and
Chapter 6).

All material from the empirical studies was made publicly available on the web so
that the studies can be replicated or extended in further investigations;

1.5 PUBLICATIONS

We published the papers listed below in chronological order.

1. SANTOS, D.; SANTANNA, C. In uéncia da Dependéncia entre features na Com-
preensibilidade do Codigo Fonte de Sistemas Altamente Con guraveis In: Anais do Work-
shop de Teses e Dissertacbes do CBSOFT. Sao Carlos - SP - Brazil, 2018. p. 62-70.

2. SANTOS, D.; SANTANNA, C. How does feature dependency a ect con gurable
system comprehensibility?. IEEE/ACM 27th International Conference on Program Com-
prehension (ICPC), 2019, Montreal - Quebec - Canada, pp. 1929. doi:10.1109/ICPC.2019.
00016.

We submit for publication the journal:

3. SANTOS, D.; SANTANNA, C; RIBEIRO, M. Comprehensibility of feature depen-
dency in con gurable system using #ifdef: Two empirical studies. Submitted to Journal
of Systems and Software.

1.6 CHAPTER MAP

We divided this document as follows:

N

Chapter 2 provides an overview of the background of this research. In particular,
we present the notion of conditional compilation, feature dependency and compre-
hensibility evaluation using eye tracking and smartwatch.

Chapter 3 aims to answer RQ1 showing the results of an online experiment con-
ducted with software developers that investigated if feature dependency a ect com-
prehensibility of con gurable systems.

Chapter 4 aims to answer RQ2 showing the results of a controlled experiment,
with which we analyzed how di erent types of feature dependency a ect the com-
prehensibility of con gurable systems.

Chapter 5 aims to answer RQ3 showing the results of a controlled experiment,
with which we investigated how dependent variables a ect the comprehensibility of
con gurable systems.

Chapter 6 summarizes our work by describing what we have done in the context of
this research. In addition, we point out perspectives on future research directions.



Chapter

BACKGROUND

2.1 CONFIGURABLE SYSTEMS

Con gurable systems consist of features (functionalities) that can be enabled or disabled
allowing a great variability in the instantiation of di erent con gurations of a system
(GARVIN; COHEN, 201]. Con gurable systems create con gurations by combining a
reusable set of features to instantiate products to meet the requirements of industry seg-
ments and extend portability across di erent hardware platforms. Con gurable systems
include industrial product lines (CLEMENTS; NORTHROP, 2002 POHL; BOCKLE;
LINDEN, 2005 BERGER et al., 2019 and open-source systems. In some cases, such as
in the Linux kernel, thousands of feature con guration options are used to control the
compilation process BERGER et al., 2013h.

Software variability supports the development of con gurable systems. Variability is
the concept that allows deriving software systems (program variants) from a common
source code by setting con guration options as enabled or disabledELO et al., 2017.

In other words, variability means that the developer can control whether to include or
exclude certain features from a program variant. Con guration options range from small
pieces of code to entire moduleAPEL et al., 2013.

It can be said that the main purpose of developing con gurable systems is to man-
age variability, support the automated generation of products and facilitate the reuse
and adaptation of systems to dierent contexts APEL et al., 2013. To implement
con gurable systems, various technologies can be used: object-oriented patterns, aspect-
oriented programming, domain-speci c languages and code generation, plug-in mecha-
nisms, and so on. Among these, C preprocessor (cpp) conditional compilation directives
are one of the oldest, simplest, and most popular mechanisms in uBRNST; BADROS;
NOTKIN , 2002 KASTNER; APEL; KUHLEMANN , 2008 LIEBIG et al., 2010.

2.2 CONDITIONAL COMPILATION DIRECTIVES

Programmers often use conditional compilation directives to implement variabilityL(E;
WALKINGSHAW; ERWIG , 201). In the C language, pre-processing directives can be

9
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recognized by the # symbol in the rst column of the line in which they occur, and instruct
the pre-processor whether a given piece of code should be compiled or not, according to
the evaluation of a conditional expression. Every decision structure must be terminated
by #endif (FOROUZAN; GILBERG, 2000.

In Table 2.1, adapted from Forouzan and Gilbert, we show the set of commands for
conditional compilation that can be used for implementing variabilities FOROUZAN;
GILBERG, 2000.

Table 2.1 Command set used in conditional compilation directives
Command Meaning

#if expression Enables the inclusion of the code, if the expression is true.

#endif Delimits the end of conditional compilation.
#else Speci es the alternative code in a decision of two optional features.
#elif Speci es the alternate code in a decision of several features.

#ifdef feature  Abbreviation of command #if associated with the expressiordefined .
#ifndef feature Abbreviation of command #if associated with the expressioridefined .

The #if directive controls compilation of parts of a source le. If the expression we
write (after the #if) has a non-zero value, the group of lines immediately following the
#if directive will be compiled. However, on con gurable systems, the most common way
to de ne features is using the #ifdef command which is the #if command including the
abbreviation of expressiordefined . All conditional compilation directives such as #if
and #ifdef must match a closing #endif directive before the end of the le. Otherwise,
an error message will be generated.

The preprocessor will include code from features, evaluating each #ifdef or #elif until
it nds an expression with a feature enabled. If all occurrences of #ifdef are disabled
features or if no #elif appears, the preprocessor will include the code associated with
the #else clause. The #if, #elif, #else, and #endif directives can nest within the text
parts of other #if directives. Each nested #else, #elif, or #endif directive belongs to the
closest previous #ifdef directive.

To exemplify how con gurable systems are implemented using conditional compilation
directives, we present Figure2.1 adapted from Oliveira et al. (OLIVEIRA; CAFEO;
HORA, 2019. On the left side we have the base code of the con gurable system without
going through the preprocessor. We have two features (A and B) delimited by #ifdef and
#endif commands. Between lines 4 and 6 of the base code we have the code for feature A
and between lines 7 and 9 the code for feature B. Pieces of code delimited by #ifdefs are
part of the scope of each feature and will only be present in the nal build of the product
if features are enabled during pre-processing. This process is illustrated on the right side
of Figure 2.1, in the four possible con gurations after pre-processing the base code. The
pre-processing process of this base code resulted in four programs with di erent source
codes.

Figure 2.1 presents four con gurations which we can obtain from the base code. Con-
guration 1 presents the possibility that features A and B are enabled, in this case when
executing such code, the output value is number 11. In con guration 2, feature A is
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enabled and feature B disabled, so the code referring teature B was not included in
this con guration, and the system output is value 10. In con guration 3, where feature
A and B are disabled, the output value is 0. Con guration 4, where only feature B is
enabled, the system output is the value 1.

Figure 2.1 Implementation of a con gurable system with all multiple scenarios

Using conditional compilation for variability. In this case, variability means that
speci ¢ features may or may not compile ERNST; BADROS; NOTKIN, 2002 LIEBIG
et al., 2010. The base code can originate di erent con gurations, according to the
amount of features present in it.

2.3 FEATURE DEPENDENCY

In Section 2.2, we discuss conditional compilation and see how this technique allows for
variability in con gurable systems. Despite its ease of use and the advantages of allowing
variability, the use of conditional compilation can imply in feature dependencies.

Feature dependencies happen whenever a developer de nes a variable in a feature and
uses the same variable in another feature i.e. when two or more features use the same
variable (BANIASSAD; MURPHY , 1998 RIBEIRO et al., 2010 RIBEIRO; BORBA;
KASTNER, 2014 RODRIGUES et al., 2016.

For example, in Listing2.1, the variablefinal_grade is de ned in the feature CALCULA-
TE_GRADEurthermore, final_grade is used on featureAPPLY_PENAL({lvie 10) and
RESULTlines 16 and 18). Therefore, there is features dependency between: (i) features
CALCULATE_GRABEAPPLY_PENALTY) features CALCULATE_GRABERESULENd
(ii) features APPLY_PENALAd RESULTN this example, the variable final_grade is
called dependent variablbecause it is the code element that causes the dependency.
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In Listing 2.1, the developer needs to consider the following scenarios to understand
the behavior of the variablefinal_grade : (i) both features APPLY_PENALaNd RESULT
enabled; (ii) both featuresAPPLY_PENAL&Nd RESULWisabled; (iii) APPLY_PENALTY
enabled andRESULdisabled, and (iv) vice versa. The developer does not need to simulate
scenarios with and without the featureCALCULATE _GRAIREause it encompasses all the
code in the le. Mental simulation of all these scenarios can increase the comprehension
e ort.

Listing 2.1 Example of global dependency

1 #ifdef CALCULATE_GRADE

2 float final_grade = O;

3 #ifdef APPLY_PENALTY

4 const float penalty = 1.5;

5 int exceeded time = O;

6 #endif

7 int main() {

8 printf ( "Enter the student grade:" );

9 scanf ( "% ", &final _grade );

10 #ifdef APPLY_PENALTY

11 printf ( "Enter the exceeded time in minutes:" );
12 scanf ( "% ", &exceeded_time );

13 final_grade = final _grade - (exceeded_time * penalty);
14 #endif

15 #ifdef RESULT

16 if (final_grade >= 0 && final_grade < 5)

17 printf (" disapproved ");

18 else if (final_grade >=5 && final_grade <7)

19 printf ( "approved to MSC. ");

20 else

21 printf (  "approved to Ph.D.");

22 #else

23 printf ( "Final Grade = %", final_grade);
24 #endif

25 ...

26 #endif

Based on the scope of de nition and use of the dependent variable, Rodriguetsal.
(RODRIGUES et al., 2019 de ned three types of dependency between features: global,
intraprocedural and interprocedural.

A Global Dependencyoccurs when di erent features refer to the same global vari-
able. Listing 2.1is an example of a global dependency. The variablmal _grade (line
2) is a global variable de ned in CALCULATE_GRAD#& used by featuresRESUL®&Nd
APPLY_PENALTAS previously explainedfinal_grade is a dependent variable on this
example.

An Intraprocedural Dependencyoccurs when di erent features within a function refer
to the same local variable. Listing2.2 illustrates an intraprocedural dependency. In
this case, the dependent variable islays_delay, which is de ned inside the function
return_book() . Still inside the function return_book() , the variable days_delay is
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used by featuresFINE_IN_CASHine 11) and PUNISHMENT_IN_DAW® 13).

Listing 2.2 Example of intraprocedural dependency

1 void return_book( ) {

2 #ifdef FINE_IN_CASH

3 const float fine_rate_day = 1.5, fine_amount = O;

4 #endif

5 #ifdef PUNISHMENT_IN_DAYS

6 const int days_of_punishment=1, days_punished = O0;
7 #endif

8 int days_delay = 2;

9 if (days_delay >0){

10 #ifdef FINE_IN_CASH

11 fine_amount = days_delay * fine_rate_day;

12 #ifdef PUNISHMENT_IN_DAYS

13 days_punished= days_delay * days_of_ punishment;
14 #endif

15 #endif

16 }

17 ...

18 int main() {

19 return_book( );

20 ...

Listing 2.3 Example of interprocedural dependency

1 float calc_points( float total_points){
2 ...

3 #ifdef CONSIDER_SPECIALIZATION

4 bool isSpecialist = true;

5 #endif

6 #ifdef CONSIDER_SPECIALIZATION

7 if (isSpecialist)

8 total_points += 1;

9 #endif

10 ...

11 return total_points;

12 }

13 int main() {

14  float total_points = O;

15 total _points = calc_points(total_points);
16  printf( " Total points = %.2f", total_points);
17 ...

An Interprocedural Dependencyccurs when a variable is de ned or used in a function
and the content of that variable is passed as an argument to another function. In the
rst function, the variable is manipulated by a feature and, in the second function,
the argument is used by another feature. Listing2.3 exemplies an interprocedural
dependency. The variabldotal_points is de ned in the function main() (line 14). Its
content is passed to functiorcalc_points() , where the corresponding parameter is used
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by feature CONSIDER_SPECIALIZAT(ld¢ 10). Despite not being inside an #ifdef, the
main() function is also considered part of a feature, in this case, a mandatory feature. A
feature is called mandatory when its presence is mandatory in all system con gurations
(CZARNECKI; HELSEN; EISENECKER, 2005. The other classi cations for features
are: (i) optional when a feature may or may not be necessary; (ii) inclusive alternative,
when one or more features must be chosen; (iii) exclusive alternative, when only one of
the features is needed; (iv) mutually inclusive alternative when two or more features are
always needed togetherGZARNECKI; HELSEN; EISENECKER, 2005.

2.4 VARIABILITY BUGS

Listing 2.4 Example of variability bug

1 #ifdef CALCULATE_GRADE

2 float final_grade = O;

3 #ifdef APPLY_PENALTY

4 const float penalty = 1.5;

5 int exceeded time = O;

6 #endif

7 int main() {

8 printf ( "Enter the student grade:" );

9 scanf ( "% ", &final_grade );

10 #ifdef APPLY_PENALTY

11 printf ( "Enter the exceeded time in minutes:" );
12 scanf ( "% ", &exceeded_time );

13 final_grade = final_grade - (exceeded_time * penalty);
14 #endif

15 #ifdef RESULT

16 if (final_grade >= 0 && final_grade < 5)

17 printf ( "disapproved ");

18 else if (final_grade >=5 && final _grade <7)

19 printf ( "approved to MSC. ");

20 else

21 printf ( "approved to Ph.D.");

22 #else

23 printf ( "Final Grade = %", final_grade);
24 #endif

25 ...

26 #endif

Features in a con gurable system interact with and in uence the functionality of
other features. When these interactions induce errors that manifest themselves in certain
con gurations but not in others, or that manifest themselves di erently in di erent con-
gurations, we call it variability bug ( ABAL; BRABRAND; WASOWSKI , 2019. As the
number of con gurations is exponential in the number of features, it is not always trivial
to analyze each con guration separately. As a result, variability bugs occur frequently
(ABAL; BRABRAND; WASOWSKI , 2014 ABAL et al., 2018. We use the term bug to
refer to faults or defects in the program. A bug is an incorrect instruction in software,
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introduced into code as a result of human error. Bugs lead software to fail, such as a
pointer being null when it should not be (EEE, 1990.

Listing 2.4 shows an example of a variability bug involving dependency between fea-
tures. In this code snippet we have two features. FeatuffESULTlines 15 to 24) and
feature APPLY_PENALTlves 3 to 6 and 10 to 14). FeatureRESULTPrints the result
obtained by a student in a language pro ciency test. In this case, the result depends on
the value of the variable final_grade . Feature APPLY_PENALIiRYposes a penalty on
the student if she or he exceeds the duration of the test. In this case, the student's result
(variable final-grade ) is decremented. The dependency between features is established
when both use the same variablefihal_grade ) to calculate the student's grade. A
change in the value of the variable in one of the features may compromise the behavior
of the other feature.

Still in the Listing 2.4, we can see that the featurdPPLY_PENALGivYes rise to two
programs with di erent con gurations. One con guration with feature APPLY_PENALTY
enabled and another with featureAPPLY_PENALdM¥abled. FeatureAPPLY_PENALIBY
optional, it may or may not be enabled when instantiating a product. A variability bug
occurs when featureAPPLY_PENALIBYenabled and the value of time exceeded by the
student (variable exceeded_time) is large enough for the variabldinal_grade to have
a negative value. In this case the program will fail because featuRESULWill print a
wrong result. It is important to point out that variability bugs occur only in specic
con gurations and not in others.

2.5 COMPREHENSIBILITY OF PROGRAMS

Program comprehension is the activity of understanding how a software system or part
of it works. Previous studies have found that program comprehension is an important
cognitive process in software development, because developers spend most of their time
trying to understand source code NJAYRHAUSER; VANS; HOWE , 1997 TIARKS,
2011. According to Singeret al. (SINGER et al., 2010, program comprehension occurs
primarily before code changes, because developers need to explore source code and other
artifacts to identify and understand the relevant code subset for the intended change.
The strategies followed to understand software may vary between developers, depending
on their personality, experience, skills, task at hand or used technologiAALEJ et

al., 2014. Program comprehension is a knowledge-intensive activity in which developers
consume and produce a signi cant amount of knowledge about the software in question.
Comprehension can be seen as the product of the development and coordination of various
skills, such as reading (including word recognition), reading uency, syntactic processing
and knowledge of the meanings of word®RAYNER et al., 2009. It is di cult to identify

which elements contribute to a high or low comprehension rate. Thus, identifying the
factors that contribute to comprehension continues to challenge researchers.

Research on program comprehension began more than 50 ye&ACKMAN; ERIK-
SON; GRANT, 1966. During that time, numerous studies were conducted to investigate
how developers understand source code. In the past, to measure program comprehensi-
bility, researchers used di erent techniques, such ashink-aloud protocols, memorization
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and comprehension tasks.

Think-aloud protocols can be seen as protocols when people speak loudly what they
are thinking, or introspection. This technique has been used to observe cognitive pro-
cesses where participants verbalize their thoughts, which are usually recorded in audio or
video (SHAFT; VESSEY, 1995. The think-aloud protocol is a common technique, even
today, for observing the comprehension process. Memorization tasks were another way
to measure comprehensibility. This technique tested whether developers remembered a
piece of source code they had seen earlier. They had to memorize and then reproduce the
learned code. Although it seems strange today, since to understand a code the developer
does not need to memorize and reproduce it, this was one of the most used techniques
in the rst studies on comprehensibility (SAMMET , 1983. Comprehension tasks were a
technique known as Il in the blanks. Developers were only able to Il in the blanks
in code if they rst understood it (SOLOWAY; EHRLICH, 1984. As we will see be-
low, most of these approaches to measuring comprehensibility have evolved to include
biometric equipment to capture human factors.

Software systems are everywhere these days, and there are hundreds of programming
languages, design patterns, IDEs and other tools and techniques that are designed to
support program comprehension. However, it is dicult to understand the cognitive
processes of developers when they work with these tools. Thus, one of the challenges of
software engineering is to measure comprehensibility considering the human factor.

Traditionally, comprehensibility studies mainly use metrics based on the program-
mer's ability and time to perform a task HOFMEISTER et al., 2017 MELO et al.,
2017. In addition to these conventional techniques, researchers are also embracing new
measurement techniques to gain new perspectives on program comprehension. Recent
works indicate that evaluating the comprehensibility of programs is a challenge for soft-
ware engineering since it is necessary to consider cognitive aspects of the developers, which
can only be measured by means of biometric equipmerB8lEGMUND, 2016 SHARIF;
FALCONE; MALETIC , 2012.

2.6 BIOMETRIC EQUIPMENTS
2.6.1 Eye Tracking device

Some studies RAYNER, 1998 RAYNER et al., 20