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Abstract: Feature models (FMs) appeared more than 30 years ago, and they are valuable tools for
modeling the functional variability of systems. The automated analysis of feature models (AAFM)
is currently a thriving, motivating, and active research area. The product configuration of FMs
is a relevant and helpful operation, a crucial activity overall with large-scale feature models. The
minimal conflict detection, the diagnosis of in-conflict configuration, and the product completion of
consistent partial configuration are significant operations for obtaining consistent and well-defined
products. Overall, configuring products for large-scale variability intensive systems (VIS) asks for
efficient automated solutions for minimal conflict, diagnosis, and product configuration. Given the
relevance of minimal conflict, diagnosis, and product configuration, and the current application of
large-scale configuration and FMs for representing those systems and products, the main goals of this
research paper are to establish the fundaments of the product configuration of feature models and
systematically review existing solutions for the conflict detection, diagnosis, and product completion
in FMs from 2010 to 2019. We can perceive that even though modern computing approaches exist for
AAFM operations, no solutions exist for assisting the product configurations before 2020. This article
reports that in 2020, new solutions appear regarding applying parallel computing for those goals.
This research highlights research opportunities for developing new and more efficient solutions for
conflict detection, diagnosis, and product completion of large-scale configurations.

Keywords: automated analysis of feature model (AAFM); product configuration; Python; speculative
programming

1. Introduction

Variability is a system’s capacity to be expanded, altered, customized, or configured
for use in unique settings [1]. We can tailor or adapt variability intensive systems (VIS)
to particular needs in different domains [2,3]. As Wang et al. [4] highlights, variability
has become a key in software systems for the steadily increasing demand for highly
customizable products. In software product line engineering (SPLE), variability models
such as FMs are primary artifacts for the SPLs’ success [5]. Variability modeling specifies
all significant and legal combinations of features in a software product line [6].

The manual analysis of variability models is a complicated, tedious, and error-prone
task, and the automated analysis of variability models (AAVM) appears to face that issue.
For example, Ross et al. [7] present the tool FAMA-OVM for the automated analysis of
orthogonal variability models (OVM). Likewise, the works of [8,9] describe the structure,
components, and results improvements in applying a process for the AAVM of OVM. In
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the FM context, the automated analysis of feature models (AAFM) is a current and active
research area. As Benavides et al. [10] indicated, the AAFM and product configurations
have many potential synergies because, in the product reconfiguration in dynamic SPLs,
both concepts overlap. An FM configuration describes a valid product if the selection of
features satisfies all the FM constraints [11].

Inconsistencies in models imply the presence of errors [12,13]. The main challenge
of fixing variability models’ inconsistencies is setting them for all configurations [14].
The consistency of an FM means that it remains well-formed (syntactic consistency) and
defines at least one valid product (semantic consistency) [15]. Checking and resolving FM
inconsistencies are essential tasks during the product line evolution [16]. Automated tools
for inconsistency checking of FM and configuration are critical activities for successful
SPLs [17]. A traditional AAFM approach is to convert the Feature Model into logic formulas
supportable by reasoning solvers such as CSP and SAT solvers, to define and execute
analysis tasks regarding the model information and reasoning analysis on those solvers [18].
This article focuses on AAFM operations for product configuration.

Benavides et al. [19] in 2010 presented a systematic literature review (SLR) about FM
and AAFM operations. Different AAFM proposals exist using various formal approaches
such as CSP, SAT, and BDD solvers [20]. The following lines synthesize the state of the art
regarding AAFM operations for minimal conflict detection, minimal diagnosis, and the
minimal completion of partial product configuration from 2010 to 2019. This chapter has
the following organization: first, we present this review’s primary method and objectives.
Then, we summarize the main discovered results.

Product configuration is the activity of designing a product according to a set of
requirements and configuration rules [21]. With further details, product configuration
systems need the knowledge base regarding the components and combination rules and the
customers’ requirements for selecting product components (configuration) that match their
preferences [22]. A valid product configuration only depends on the selected features in a
consistent knowledge base scenario; that is, each valid product results from the composition
of component type instances that respect the set of defined combination rules [23].

Product configuration systems require systematically managing all features and com-
position rules to analyze the feature selection for desired products. Variability models
(VMs) describe the different relationships and configuration options for the variability
management of software systems in software engineering. Different VMs exist, such as
feature models (FMs) and orthogonal variability models (OVMs). FMs permit representing
functional commonalities and variabilities of software systems [19], whereas OVMs permit
describing the variant parts of the base model of systems [20]. Kang et al. [24] introduced
FMs as part of the FODA (Feature-Oriented Domain Analysis) method, and they became
the most used VM in the SPL community afterward.

An FM defines a set of features and their relationships for defining valid feature
combinations or products, that is, sets of features that respect the FM’s defined relationships.
Such as Apel et al. [25] remark, FM permits representing all the products of an SPL. An FM
organizes in a tree-like structure that starts at the root feature that identifies the SPL and
from which tree branches of features emerge. We can then define a product in terms of the
set of features that compose it, and each feature describes an increment of functionality
in the products containing that feature [26]. An FM supports binary and set relationships
between parent and child features and cross-tree relationships to symbolize dependencies
between features. Figure 1 shows an FM for describing an operating system SPL and a
valid configuration of it (the gray-colored features). Figure 2 shows the same FM along
with a non-valid configuration of it.
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Figure 1. Feature model with a valid configuration example [1].

Figure 2. Feature model with a non-valid configuration example [1].

FMs permit organizing the configuration space to facilitate the construction of software
variants by describing configuration options using interdependent features or functionali-
ties. A set of features in an FM is called a configuration, and each software variant in an
FM identifies a valid configuration or product [27].

Problem Statement, Goal and Contributions

Product configuration permits assisting the mass customization production [23].
AAFM operations for helping the obtention of conflict-free FMs and product configuration
are high-value tasks. Nonetheless, existing AAFM operations usually follow a sequential
computing approach and cannot scale to work on large-scale and high-variability models.
As [1] remark, relevant AAFM solutions for assisting the product configuration are those
for the minimal conflict set detection, minimal-preferred diagnosis in a set of constraints in
conflict, and the completion of partial products. Next, we summarize those operations.

• Minimal conflict set detection. For a consistent FM that we can define as a set of
constraints, a non-consistent configuration violates those constraints. The features
model of Figure 1 exemplifies a consistent configuration; that is, this configuration
does not violate the FM constraints. For that FM and configuration, if a user selects the
features game, gnuchess, and glchess, the resulting configuration will be non-consistent
because a conflict exists between features gnuchess and glchess. That is a minimal
conflict set (MCS) because we cannot find a subset of it that results in it being a conflict
set. As [28] remark, we can solve an MCS by merely deleting one of its constraints.
After finding and solving all the MCS instances, the resulting configuration is valid
(conflicts-free).

• Minimal diagnosis. Given the set of constraints of a consistent FM and a non-consistent
configuration that violates the FM constraints, a diagnosis is the set of constraints
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that permits obtaining a consistent configuration after removing those constraints.
For the consistent configuration of Figure 2 after selecting features game, glchess and
gnuchess, we know that {gnuchess, glchess} is a minimal conflict set (MCS). Then,
either deleting gnuchess or glchess, we can obtain a valid configuration (conflict-free);
that is, gnuchess and glchess are examples of diagnosis.

• Minimal completion of products. Achieving valid configurations in large-scale FMs
is a time-demanding and complex task. Reasoning tools, usually part of the AAFM
process, permit solving that issue.

Therefore, the main contributions of this paper are to identify, evaluate, and classify
research work from 2010 to 2019 regarding the minimal conflict set detection, minimal
diagnosis, and product completion for the FM product configuration.

The rest of this paper is organized as follows. Section 2 describes the main steps of a
Systematic Literature Review (SLR). Section 3 details the applied review process, that is,
research questions (RQs), source material, and inclusion criteria. After that, Section 4 defines
the main SLR components and presents its main application results. Section 5 describes
existing solutions for efficiently achieving the conflict detection and diagnosis tasks along
with their main issues to work with large-scale product configurations. Then, that section
also summarizes the principal elements and benefits of speculative programming, along
with summarizing application result examples. The paper concludes by outlining the
benefits of our academic experience and detailing the motivation for continuing with it in
the current and future years.

2. Background

A systematic literature review (SLR) is a secondary research study based on previous
(primary) studies to answer defined research questions (RQs) [29]. An SLR identifies,
evaluates, integrates, and synthesizes evidence and results of relevant primary studies
to answer a defined set of RQs, and to analyze possible new results [30,31]. An SLR
traditionally consists of the following phases (Figure 3) [32].

Figure 3. Steps of a traditional SLR process.

1. Research Questions: After defining a topic of research, the first step of an SLR is to
determine the research questions (RQs), the main questions to answer in the SLR
process.

2. Search Process: The search process presents the sources of search and keywords to
select primary studies.

3. Inclusion/Exclusion Criteria: The next step is to establish inclusion/exclusion criteria
in the search process and quality criteria for the primary articles.

4. Data Extraction and Quality Assessment: During data extraction, the information is
extracted, collected, and organized for its evaluation and final results.

3. Review Process

This SLR aims to discover details about existing AAFM solutions for conflict detection,
diagnosis detection, and product completion in FMs from 2010 to 2019. We want to know
the main focus, implementation approaches, execution requirements, and computing
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performance of existing AAFM solutions for those purposes. Then, we will classify existing
options, their scenarios of use, along with their benefits and issues.

3.1. Definition of Research Questions

The RQs are built based on the PICO (Population, Intervention, Comparison, Out-
come) strategy [33] to derive search strings applicable to digital libraries. In that context,
Population corresponds to FMs; Intervention represents a solution for the conflict detection,
diagnosis, or product configuration; the Comparison is blank; and the Outcomes corre-
spond to the found research from 2010 to 2019. The next lines define RQs and search strings
based on the PICO approach.

• RQ1: What are the automated solutions for conflict detection in FMs from 2010 to
2019? Following the process described by [31], we defined the next sub-questions.

1. What conflicts do these solutions focus on?
2. Are those solutions new or extensions of existing operations?
3. What are the computing approaches and functioning requirements of those

solutions? Do they differ in their base solutions?
4. Are those solutions able to work on large-scale feature model instances?
5. What is the computing performance and degree of improvement or deterioration

of those solutions regarding their base solutions?

• RQ2: What are the automated solutions for diagnosis in feature model instances from
2010 to 2019? Following the process described by [31], this question inspires the next
sub-questions.

1. What conflict do these solutions focus on?
2. Are those solutions new or extensions of existing operations?
3. What are the computing approaches and functioning requirements of those

solutions? Do they differ in their base solutions?
4. Are those solutions able to work on large-scale feature model instances?
5. What is the computing performance and degree of improvement/deterioration

of those solutions regarding their base ones?

• RQ3: What are the automated solutions for the completion of product configuration
in feature model instances from 2010 to 2019? Following the process described by [31],
this question inspires the next sub-questions.

1. Are those solutions new or extensions of existing operations?
2. What are the computing approaches and functioning requirements of those

solutions? Do they differ in their base solutions?
3. Are those solutions able to work on large-scale feature model instances?
4. What is the computing performance and degree of improvement/deterioration

of those solutions regarding their base ones?

3.2. Source Material

We follow an automated selection method to look for papers in Google scholar [34],
Scopus [35], and WebOfKnowledge [36]. We used the next key-phrase to look for research
publications in those databases.

• ({[ f | F]eature[s | ␣]} {[m |M]odel[s | ␣]} AND
[
{[a | A]utomated}OR {[a | A]utomatic}

]
AND

(
{[a | A]nomal[y | ies]} OR [c | C]on f lict[s | ␣]} OR ({[d | D]iagnosis}) OR

({[c | C]ompletion}
)

AND {PubYear >= 2010} AND {PubYear <= 2019} AND
{Language in(Spanish | English)}
Examples of valid search strings for our SLR are:

• Feature models automated anomaly.
• Feature models automated conflicts.
• Feature models automated diagnosis.
• Feature models automatic diagnosis.



Appl. Sci. 2023, 13, 174 6 of 23

• Feature models automated completion.
• Feature models automatic completion.

We accomplish a systematic review using a valid search string in the title, abstract, or
keywords set for each analyzed paper. PubYear refers to the publication date of the article.
Specifically, we looked for papers from 2010 to 2019, the search date, both years inclusive.
Scopus and WebOfKnowlede libraries support search strings accordingly to our definition.
Regarding the language, we look for papers written in English only. Google scholar permits
looking for defined terms either in the title or somewhere in the document. In Google
Scholar, we looked for results year-per-year from 2010. We used the primary 20 results
per-year for the high quantity of results. We obtained 200 results from Google Scholar,
43 results in Scopus, and 23 results in WebOfKnowledge. Hence, we received 266 results in
our automated search. As a first filter step, we discarded duplicated work for obtaining
223 results. Second, after rejecting works that were non-available or non-related with the
research topic, we obtained 120 works. According to the Google Scholar database data, there
was only one non-available work from the SPLC 2010 proceedings. Still, nobody presented
that article in the SPLC 2010 conference, and it did not appear in its proceeding. We
contacted the paper’s authors, who reported that the paper appeared in another conference
using a different title. We decided to discard that work. Third, we applied a filter to reject
works non-related to the research questions. Finally, we obtain 51 primary studies in the
scope of this review. The next section describes the last inclusion criteria.

3.3. Inclusion Criteria

On the primary results without duplication and non-available data, we applied a
general inclusion filter to consider only articles of the AAFM area. We analyzed the title,
keywords, and abstract of each found paper to positively support at least one of the
inclusion criteria (IC) of Table 1.

Table 1. Quick review research questions.

Inclusion Criteria

IC-1: Does this paper presents an AAFM solution for the conflict detection?

IC-2: Does this paper present an AAFM solution for diagnosis?

IC-3: Does this paper present an AAFM solution for the product completion?

4. Results

Applying inclusion criteria, we obtain 51 research works. Tables 2–4 the resulting
papers ordered alphabetically by the author’s name and ascendingly by the publication
year. The values of column FM Kind are 1 for FODA FMs, 2 for Cardinality-based FMs, 3
for Extended FMs, and 4 for all these options. We use the yellow background color to mark
the accomplished options. The column Large FM is yellow for those studies that work with
FM of 5000 features or more.
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Table 2. List of articles ordered by the authors’ last name from A to F in the SLR vs. our thesis work.

Source Main Goal Solution

# Year Author

Jo
ur

na
l

C
on

fe
re

nc
e

W
or

ks
ho

p

C
on

fli
ct

D
ia

gn
os

is

C
om

pl
et

io
n

Focused Anomaly

To
ol

So
lv

er

FMs
Kind

Large
FMs

1 2013 Acher et al. [37] X X Conflict in product/model X X 1

2 2014 Achour et al. [38] X X Conflict in product/model X 1

3 2014 Afzal et al. [39] X X
Wrong cardinality, exclusion

of mandatory features,
requires of excluded features

X 3

4 2016 Ananieva et al. [40] X X Partial FM dependencies X X 1

5 2017 Arcaini et al. [41] X X
Dead feature, redundant
constraint, false optional X X 1

6 2015 Arcaini et al. [42] X X Faults for mutation X X 1

7 2016 Arcaini et al. [43] X X Conformance faults X X 1

8 2016 Asadi et al. [44] X X
Potential inconsistency,

strong inconsistencs X X 1

9 2014 Asadi et al. [45] X X
Potential inconsistency,

strong inconsistency,
configuration inconsistency

X X 1

10 2014 Barreirros & Moreria [46] X X
Product configuration

inconsistencies X X 1

11 2018 Bhushan et al. [47] X X Conflicts in the FM definition X X 1

12 2017 Bhushan et al. [48] X X Conflicts in the FM definition X X 1

13 2010 Bin Abid [49] X X
Consistency checking in the

product derivation X 1

14 2011 Choi [17] X X
Dead features, void FM,

validity of product
configuration

X X 1

15 2015 Da Silva Costa et al. [50] X X False optional, dead features X X 3

16 2014 Elfaki et al. [51] X X
False optional, wrong

cardinality X 2

17 2012 Felfernig et al. [52] X X Diagnosis X X 1

18 2013 Felfernig et al. [28] X X Diagnosis X X 1

19 2015 Felfernig et al. [53] X X Anytime diagnosis X X 1

20 2018 Felfernig et al. [54] X X Anytime diagnosis X X 1

2020 Vidal-Silva PhD. Thesis X X X X X

Minimal conflicts set,
diagnosis, and minimal
preferred completion of

product configuration by
diagnosis

X X 1 X
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Table 3. List of articles ordered by the authors’ last name from G to M in the SLR vs. our thesis work.

Source Main Goal Solution

# Year Author

Jo
ur

na
l

C
on

fe
re

nc
e

W
or

ks
ho

p

C
on

fli
ct

D
ia

gn
os

is

C
om

pl
et

io
n

Focused Anomaly

To
ol

So
lv

er

FMs
Kind

Large
FMs

21 2010 Galindo et al. [55] X X
Discovering

inconsistencies between
packages

X X 1

22 2011 Gheyi et al. [56] X X
Soundness of FM

refactoring X 1

23 2012 Guo et al. [15] X X Consistent evolution X 1 X

24 2013 Henard et al. [57] X X
Fixing and

re-engineering a FM X X 1

25 2019 Hinterreiter et al. [16] X X Potential inconsistencies X 1

26 2016 Javed et al. [58] X X
Void feature model,
inconsistent product

configuration
X 1

27 2015 Khtira et al. [59] X X
Duplication in evolving

FM X 1

28 2015 Khtira et al. [60] X X
Duplication in evolving

FM X 1

29 2016 Kowal et al. [61] X X
Dead feature,

redundancies, false
optional

X X 1

30 2015 Lesta et al. [62] X X

Void FM, dead feature,
false-optional, dead

attribute, false-optional
attribute values

X X 3

31 2010 Lisboa et al. [63] X X
Orphan features, void

FMs X 1

32 2011 Lisboa et al. [64] X X
Redundancies,

configuration anomalies,
inconsistencies

X 1

33 2011 López-Herrejon & Egyed [65] X X

To effectively identify
features to fix for

guaranteeing consistent
product line

configurations

X X 1

34 2012 López-Herrejon & Egyed [14] X X Product configuration X X 1

35 2012 Marinho et al. [66] X X
False optional, dead

feature, wrong
cardinality

X 3

36 2017 Mauro et al. [67] X X X Void FM, dead features X X 1

37 2011 Mazo et al. [68] X X
Conformance FM &
product checking X 3 X

2020 Vidal-Silva PhD. Thesis X X X X X

Minimal conflicts set,
diagnosis, and minimal
preferred completion of

configuration by
diagnosis

X X 1 X
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Table 4. List of articles ordered by the authors’ last name from N to Z in the SLR vs. our thesis work.

Source Main Goal Solution

# Year Author

Jo
ur

na
l

C
on

fe
re

nc
e

W
or

ks
ho

p

C
on

fli
ct

D
ia

gn
os

is

C
om

pl
et

io
n

Focused Anomaly

To
ol

So
lv

er

FMs
Kind

Large
FMs

38 2010 Nakajima [69] X X
FM propositional interpretation
and algorithm for locating bugs X X 1

39 2010 Nakajima [70] X X
Unsatisfiable portion
(components) of the

unsatisfiable FM
X X 1

40 2018 Nieke et al. [11] X X X Anomalies in the FM evolution X X 1 X

41 2011 Noorian et al. [71] X X X
Detecting and fixing

inconsistencies X X 1

41 2011 Noorian et al. [71] X X X
Detecting and fixing

inconsistencies X X 1

42 2014 Quinton et al. [72] X X Range inconsistencies X X 1 X

43 2012 Ripon et al. [73] X X
Analysis and verification

of FMs X 1

44 2014 Ripon et al. [74] X X FM consistency check X X 1

45 2016 Schnabel et al. [75] X X
Bound & gap of

cardinality-based FM
configuration

X 2

46 2019 Vidal [76] X X FM configuration X X 1

47 2010 Wang et al. [77] X X
To tolerate inconsistencies in

feature models X X 1

48 2014 Wang et al. [78] X X X
Detecting and fixing

inconsistencies X X 1

49 2016 Weckesser et al. [79] X X
Analysis of bound and

interval gaps X X 2 X

50 2010 White et al. [80] X X Product configuration X X 1 X

51 2010 Zhang et al. [81] X X Conflicts & anomalies X X 1

2020 Vidal-Silva PhD. Thesis X X X X X

Minimal conflicts set, diagnosis,
and minimal preferred

completion of configuration
by diagnosis

X X 1 X

Table 5 presents the number of articles concerning their applied process and main goal.
We group the papers into those that use tools only and those that use tools and solvers.
This table presents results for the conflict and diagnosis detection only since we do not
obtain results for the completion of product configuration in FMs. In the next lines, we
answer the RQs along with each sub-question.
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Table 5. Filtered articles classified by year and way for reaching their main goal.

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

Inclusion
Criteria (IC)

IC-1

Tools 4 3 2 0 3 2 2 0 0 1

Tools & Solvers 3 2 0 2 4 3 4 2 1 1

# Papers 7 5 2 2 7 5 6 2 1 2

IC-2

Tools 0 0 1 0 0 0 0 0 0 0

Tools & Solvers 0 1 2 1 0 1 1 0 1 0

# Papers 0 1 3 1 0 1 1 0 1 0

IC-1 & IC-2

Tools 0 0 0 0 0 0 0 0 0 0

Tools & Solvers 2 0 0 0 0 0 0 1 1 0

# Papers 2 0 0 0 0 0 0 1 1 0

# Papers
Tools 4 3 3 0 3 2 2 0 0 1

Tools & Solvers 5 3 2 3 4 4 5 3 3 1

4.1. RQ1: What Are the Automated Solutions for Detecting Conflicts in Feature Models from 2010
to August of 2019?

Table 5 shows that a no-normal tendency exists from 2010 to August of 2019 concerning
the research work for the conflict detection in FMs. In the next lines, we answer each sub-
question of RQ1.

• Sub-question 1: We classify the obtained papers regarding their main focus in the next
classes: (i) Non-Consistent Feature Model (NC FM); (ii) Non-Consistent Configuration
(NC Conf); (iii) Non-Consistent Feature Model and Configuration (NC FM/Conf);
(iv) Mutation or Evolution of Feature Model (Mut/Evol); and (v) Specific Fault (Spec
Fault) such as void FM, empty FM, dead feature, false optional, partial dependencies,
and orphan features). The higher number of works focus on the conflict detection on
specific FM inconsistencies. Figure 4 depicts a summary of the obtained papers for the
conflict detection in FMs.

Figure 4. Summary of reviewed papers for the conflict detection in FMs from 2010 to August of
August of 2019.

• Sub-question 2: Almost all the articles present new solution proposals for conflict
detection in FM.

• Sub-question 3: Table 5 resumes the following results for articles that focused on
conflict detection only:
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– Seven articles in 2010: four articles using tools, and three articles using tools
and solvers.

– Five articles in 2011: three articles using tools, and two articles using both tools
and solvers.

– Two articles in 2012: both articles using tools.
– Two articles in 2013: both articles using tools and solvers.
– Seven articles in 2014: three articles using tools, and four articles using tools and

solvers.
– Five articles in 2015: two articles using tools, and three articles using tools

and solvers.
– Six articles in 2016: two articles using tools, and four articles using tools and solvers.
– Two articles in 2017 using tools and solvers.
– One article in 2018 using tools and solvers.
– Two articles in 2019: 1 article using tools, and 1 article using tools and solvers.

• Sub-question 4: Only six articles present results on the conflict detection of large-
scale FMs.

• Sub-question 5: All the reviewed solutions present new or similar performance results
concerning their base solutions; that is, those works that are based in previous works
are applied to new data sets, and their results preserve their base ones.

4.2. RQ2: What Are the Automated Solutions for Diagnosis in Feature Models from 2010 to
August of 2019?

Table 5 shows that a no-normal tendency exists from 2010 to August of 2019 concerning
the research work for diagnosis detection in FMs. In the next lines, we answer each sub-
question of RQ2.

• Sub-question 1: Such as for sub-question 1 of RQ1, we classify the obtained papers
regarding their main focus in the next classes: (i) Non-Consistent Feature Model
(NC FM); (ii) Non-Consistent Configuration (NC Conf); (iii) Non-Consistent Feature
Model and Configuration (NC FM/Conf); (iv) Mutation or Evolution of Feature Model
(Mut/Evol); and (v) Specific Fault (Spec Fault) such as void FM, empty FM, dead
feature, false optional, partial dependencies, and orphan features. We appreciate that
the number of papers for diagnosis detection in FM is much less than the number
of papers for conflict detection in FM. Figure 5 summarizes a classification of the
obtained papers for diagnosis detection in FMs.

Figure 5. Resume of published papers for diagnosis in FMs from 2010 to August of 2019.

• Sub-question 2: Almost all the articles present new solution proposals. The work
of Felfernig et al. [52] proposes FastDiag, and [28] present its application for the
FM analysis. The work of [53] presents FlexDiag, base works for [54]. Likewise,
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Vidal [76] highlights efficient results of FASTDIAG and FLEXDIAG solutions. The work
of [65] focuses on identifying features necessary to fix for obtaining valid product
configurations. Other selected articles present automatic solutions, and then they
require a diagnosis process.

• Sub-question 3: Table 5 resumes the following results for articles that focused on
diagnosis detection only:

– One article in 2011 using tools and solvers.
– Three articles in 2012: one article using tools, and two articles using tools and

solvers.
– One article in 2013 using tools and solvers.
– One article in 2015 using tools and solvers.
– One article in 2016 using tools and solvers.
– One article in 2018 using tools and solvers.

• Sub-question 4: No article presents results on large-scale FMs, that is, FMs with 5000
or more features.

• Sub-question 5: All the reviewed solutions present new or similar performance results
concerning their base solutions; that is, those works based in previous works are
applied to new data sets, and their results preserve their base ones.

Figure 6 depicts a summary regarding the papers for this study that focus in conflict
and diagnosis detection.

Figure 6. Summary of published papers for the conflict detection, diagnosis and product completion
from 2010 to 2019.

4.3. RQ3: What Are the Automated Solutions for the Completion of Products in Feature Models
from 2010 to August of 2019?

Concerning the completion of partial products, we did not find research works in the
search process. The work of Ananieva et al. [40] focus on the partial feature model, but
they did not consider the completion of those models.

5. Discussion

This article performs a standard SLR in software engineering and feature model so-
lutions following recognized previous research [19,29]. We also utilize Google Scholar,
Scopus, and WebOfKnowledge, standard source material with higher accuracy and quality
of data [82–84], and inclusion criteria according to the research. The results show that
solutions existed mainly for the conflict and diagnosis of specific faults. The following lines
summarize and exemplify existing solutions for efficient conflict detection and diagnosis.
Then, we remark on the main practical issues of those solutions to work on large-scale
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configuration models. At last, this section describes speculative programming as a comput-
ing approach to looking for efficient solutions for the automated analysis of feature model
product configuration in large-scale contexts.

5.1. Efficient Conflict Detection Solution

QUICKXPLAIN [85] is an efficient approach to determine a minimal conflict set. QUICK-
XPLAIN receives C as the set of suspicious constraints with conflict and B as the set of
consistent constraints of the background knowledge. Then, a conflict does not exist if B
∪ C is consistent or C is empty. On the other hand, QUICKXPLAIN proceeds by returning
the results of the function QX. QX receives the parameters C (initially the complete set of
constraints with conflict), B (initially the knowledge base), and Bδ (initially empty) that
represents the last items added to B. Function QX follows a divide-and-conquer approach
for conflict detection. Hence, Bδ corresponds to the set of constraints added for reviewing
the consistency of the knowledge base, and C is the set of constraints to continue analyzing
if the current B is consistent. Algorithms 1 and 2 show the pseudo-code of the functions of
QUICKXPLAIN.

Algorithm 1 QUICKXPLAIN(C, B) : CS

1: if CONSISTENT(B ∪ C) then
2: return(’no conflict’)
3: else if C = ∅ then
4: return(∅)
5: else
6: return(QX(C, B, ∅))
7: end if

Algorithm 2 QX(C = {c1..cm}, B, Bδ) : CS

1: if Bδ 6= ∅ and INCONSISTENT(B) then
2: return(∅)
3: end if
4: if C = {cα} then
5: return({cα})
6: end if
7: k = bm

2 c
8: Ca ← c1...ck;Cb ← ck+1...cm;
9: ∆2 ← QX(Ca, B ∪ Cb, Cb);

10: ∆1 ← QX(Cb, B ∪ ∆2, ∆2);
11: return(∆1 ∪ ∆2)

QUICKXPLAIN permits determining one MCS per computation. Felfernig et al. [23]
indicate that we need to update adequately or delete one of the constraints of an MCS
for solving it, and, if the model is non-consistent yet, to apply QUICKXPLAIN and repeat
the process. When the resulting model is consistent, the updated constraints represent
a diagnosis or solution for the model. Figure 7 illustrates a FM of the Debian operating
system with a non-valid configuration of it: the selection of features {Debian, texteditor, vi,
gedit, openoffice, openoffice-1, bash, gui, kde, game, gnuchess, glchess} exemplifies a non-valid
configuration that does not respect the required cross-tree constraint between the option
openoffice.org-1 and gnome (only the first option is selected), and gnuchess and glchess are
selected for the option game when only one feature must be selected (game represents an
alternative set of features).

Table 6 shows the tracking steps of a QUICKXPLAIN application for the FM configu-
ration example of Figure 7. Column B represents the set of consistent constraints of the
base knowledge for the FEATURE MODEL definition and column C is the set of selected
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features. The final result represents a minimal conflict that we can solve by updating one of
its constraints adequately. In this case, a solution is to update the state of ¬gnome.

Figure 7. Feature model of a Debian derivative with a non-valid configuration (gray features).

Table 6. QUICKXPLAIN execution tracking on configuration example of Figure 7.

Step C B Bδ Ca Cb Return

1

{Debian, B ∅ {Debian, {openoffice, {openoffice-1,
texteditor, texteditor, kde, gnuchess, ¬ gnome}
bash, gui, bash, gui, glchess,

game, vi, gedit, game, vi, gedit} openoffice-1,
openoffice, ¬ openoffice-2,

kde, gnuchess, ¬ gnome}
glchess,

openoffice-1,
¬ openoffice-2,
¬ gnome}

2

{Debian, B ∪ {openoffice, ∅
texteditor {kde, gnuchess, kde, gnuchess,
bash, gui, glchess, glchess,

game, vi, gedit} openoffice-1, openoffice-1,
¬ openoffice-2, ¬ openoffice-2,
¬ gnome}, ¬ gnome}

3

{openoffice, B ∅ {openoffice {glchess, {openoffice-1,
kde, gnuchess kde, gnuchess} openoffice-1, ¬ gnome}

glchess, ¬ openoffice-2,
openoffice-1, ¬ gnome}
¬ openoffice-2,
¬ gnome}

4

{openoffice, B ∪ {glchess, ∅
kde, gnuchess} {glchess, openoffice-1,

openoffice-1, ¬ openoffice-2,
¬ openoffice-2, ¬ gnome}
¬ gnome}

5

{glchess, B ∅ {glchess, {¬openoffice-2, {openoffice-1,
openoffice-1, openoffice-1} ¬gnome} ¬gnome}
¬openoffice-2,
¬gnome}

6

{glchess, B ∪ {¬openoffice-2, {glchess} {openoffice-1} {openoffice-1}
openoffice-1} {¬openoffice-2, ¬gnome}

¬gnome}

7

{glchess} B ∪ {openoffice-1} ∅
{¬openoffice-2,
¬gnome,

openoffice-1}

8

{openoffice-1} B ∪ ∅ {openoffice-1}
{¬openoffice-2,
¬gnome}

9
{¬openoffice-2, B ∪ {openoffice-1} {¬openoffice-2} {gnome} {openoffice-1}
¬ gnome} {¬gnome}

10

{¬openoffice-2} B ∪ {¬gnome} ∅
{openoffice-1}

gnome}

11
{¬gnome} B ∪ ∅ {¬gnome}

{openoffice-1}
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5.2. Efficient Diagnosis Solution

FASTDIAG algorithm permits determining a preferred or leading diagnosis concerning
a previously defined relevance order of constraints in the knowledge base. FASTDIAG

follows the algorithmic structure and reasoning of QUICKXPLAIN for a different purpose,
that is, the diagnosis detection without the calculation of MCS instances. Hence, FASTDIAG

is based on conflict-independent search strategies [52]. Algorithms 3 and 4 give the pseudo-
code of FASTDIAG functions.

Algorithm 3 FASTDIAG(C, AC) : diagnosis ∆

1: if C = ∅ or INCONSISTENT(AC− C) then
2: return(∅)
3: else
4: return(FD(∅, C, AC))
5: end if

Algorithm 4 FD(D, C = {c1..cq}, AC) : diagnosis ∆

1: if D 6= ∅ and CONSISTENT(AC) then
2: return(∅)
3: end if
4: if |C| = 1 then
5: return(C)
6: end if
7: k = b q

2c
8: Ca ← c1...ck; Cb ← ck+1...cq;
9: ∆1 ← FD(Cb, Ca, AC− Cb);

10: ∆2 ← FD(∆1, Cb, AC− ∆1);
11: return(∆1 ∪ ∆2)

Assuming that conflicts to diagnosis exist, If the conflict set C is non-empty, and
AC without C is consistent, algorithm FASTDIAG calls and waits for the recursive results
algorithm FD. FD first reviews the consistency of AC as a source of diagnosis. Because
always AC contains C and does not contain D, initially S is the constraints set with conflicts
and D is empty, when D is not empty, and AC is consistent D is the source of conflict. When
that base case is not accomplished, either because D is empty (such as at the beginning) or
AC is consistent (this is only possible after removing elements from AC− D represents the
last removed elements from AC), then AC is still in conflict, and C is a source of conflict.
Then, FD reviews the size of C since if it were minimal (size 1), then C is the diagnosis. If C
is not of minimal size, FD proceeds to partition C in the sets C1 and C2, of which the last
one corresponds to the most preferred partition. Afterwards, FD calls FD over C2, C1 and
AC − C2 to review if C2 is the diagnosis source, and if not so, to continue reviewing C1
with that goal. Tables 7 and 8 show the tracking execution of FASTDIAG on the FEATURE

MODEL product configuration of Figure 7. The diagnosis corresponds to the solution of
each MCS, in this case, {glchess, ¬gnome}. In column AC, the symbol Γ represents the
consistent knowledge base of the FEATURE MODEL.
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Table 7. Tracking of the FASTDIAG execution on configuration example of Figure 7 (part 1).

Step D C AC Ca Cb Return

1

∅ {Debian, B ∪ {Debian, {Debian, {openoffice, {glchess,
texteditor, texteditor, texteditor, kde, gnuchess, ¬ gnome}
bash, gui, bash, gui, bash, gui, glchess,

game, vi, gedit, game, vi, gedit, game, vi, gedit} openoffice-1,
openoffice, openoffice, ¬ openoffice-2,

kde, gnuchess, kde, gnuchess, ¬ gnome}
glchess, glchess,

openoffice-1, openoffice-1,
¬ openoffice-2, ¬ openoffice-2,
¬ gnome} ¬ gnome}

2

{openoffice, {Debian, B ∪ {Debian, ∅
kde, gnuchess, texteditor, texteditor,

glchess, bash, gui, bash, gui,
openoffice-1, game, vi, gedit} game, vi, gedit}
¬ openoffice-2,
¬ gnome}

3

∅ {openoffice, B ∪ {Debian, {openoffice, {glchess, {glchess,
kde, gnuchess, texteditor, kde, gnuchess} openoffice-1, ¬ gnome}

glchess, bash, gui, ¬ openoffice-2,
openoffice-1, game, vi, gedit, ¬ gnome}
¬ openoffice-2, openoffice,
¬ gnome} kde, gnuchess,

glchess,
openoffice-1,
¬ openoffice-2,
¬ gnome}

4

{glchess, {openoffice, B ∪ {Debian, {glchess,
openoffice-1, kde, gnuchess} texteditor, ¬ gnome}
¬ openoffice-2, bash, gui,
¬ gnome} game, vi, gedit,

openoffice,
kde, gnuchess}

5

∅ {glchess, B ∪ {Debian, {glchess, {¬ openoffice-2, {glchess,
openoffice-1, texteditor, openoffice-1} ¬ gnome} ¬ gnome}
¬ openoffice-2, bash, gui,
¬ gnome} game, vi, gedit,

openoffice,
kde, gnuchess,

glchess,
openoffice-1,
¬ openoffice-2,
¬ gnome}

6

{¬ openoffice-2, {glchess, B ∪ {Debian, {glchess} {openoffice-1} {glchess,
¬ gnome} openoffice-1} texteditor, ¬ gnome}

bash, gui,
game, vi, gedit,

openoffice,
kde, gnuchess,

glchess,
openoffice-1}

7

{openoffice-1} {glchess} B ∪ {Debian, {glchess}
texteditor,
bash, gui,

game, vi, gedit,
openoffice,

kde, gnuchess,
glchess}

8

{glchess} {openoffice-1} B ∪ {Debian, ∅
texteditor,
bash, gui,

game, vi, gedit,
openoffice,

kde, gnuchess,
openoffice-1}
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Table 8. Tracking of the FASTDIAG execution of configuration example of Figure 7 (part 2).

Step D C AC Ca Cb Return

8

{glchess} {openoffice-1} B ∪ {Debian, ∅
texteditor,
bash, gui,

game, vi, gedit,
openoffice,

kde, gnuchess,
openoffice-1}

9

{glchess} {¬ openoffice-2, B ∪ {Debian, {¬ openoffice-2} {¬ gnome} {¬ gnome}
¬ gnome} texteditor,

bash, gui,
game, vi, gedit,

openoffice,
kde, gnuchess,
openoffice-1,
¬ openoffice-2,
¬ gnome}

10

{¬ gnome} {¬ openoffice-2} B ∪ {Debian, ∅
texteditor,
bash, gui,

game, vi, gedit,
openoffice,

kde, gnuchess,
openoffice-1,
¬ openoffice-2}

11

∅ {¬ gnome} B ∪ {Debian, {¬ gnome}
texteditor,
bash, gui,

game, vi, gedit,
openoffice,

kde, gnuchess,
openoffice-1,
¬ openoffice-2,
¬gnome}

5.3. Current Issues of Existing Solutions

FMs permit organizing the configuration space to facilitate the construction of software
variants by describing configuration options using interdependent features or functionali-
ties. A set of features in an FM is called a configuration, and each software variant in an
FM identifies a valid configuration or product [27]. Hence, AAFM operations for assisting
the obtention of conflict-free FMs and configurations are high-value tasks.

Even though QUICKXPLAIN and FASTDIAG are computationally efficient in theory,
those algorithms are examples of solutions that take a long time to work on large-scale
FM configurations. Both solutions cannot use additional computing resources for their
sequential computing nature, such as multiple core or network technologies for parallel
and distributed computing, respectively. Concerning the completion of products, defining
and accomplishing all users’ requirements for configuring large-scale systems is a tedious
and complex task, and non-efficient solutions exist for assisting in the completion of
partial configurations.

5.4. Speculative Programming

Speculative programming is a method for building programs that can run some of
their code before the results are required. The pre-execution or pre-calculation of findings
that might help calculate the anticipated outcome is known as speculative execution [86].
We may create parallel processes to carry out such thread-level speculative (TLS) pre-
calculations [87]. We can distinguish between valid and invalid speculative executions
depending on whether the cost of coordinating the parallel activities causes the program
execution time to increase or decrease. Because there are already parallel computing
resources available, it is possible to use speculative programming to research solutions
and ultimately provide more effective ones [88]. A flow diagram containing the tasks A, B,
C, and D is shown in Figure 8. The initial job is A, followed by B or C depending on the
circumstance, and D would run just before the work’s conclusion. To proceed, task D needs
the outcomes of B or C. Figure 9 illustrates the tracking for the sequential execution choices,
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each of which consists of three steps in the specified sequence. The speculative execution
shown in Figure 10 runs tasks A, B, and C concurrently before moving on to task D. Once
task D had received the right input from the earlier tasks, it would then continue. It can
be vital to choose the appropriate input for task D before its execution. If this example
runs on a system with enough parallel resources, the speculative solution will execute
more quickly than the sequential one. This example demonstrates how, when resources for
parallel computing are available, speculating about future events enables us to improve the
execution time of a group of jobs. To solve the first two problems, we could use speculative
programming to look for and efficiently obtain similar answers to the ones we already have.

Figure 8. Flow diagram example with four tasks A, B, C, and D [1].

Figure 9. Tracking options for the tasks of Figure 8.

Figure 10. Speculative tracking for the tasks of Figure 8.

The work of Vidal et al. [89] presents the use of speculative programming for conflict
detection. We can apply the approach to diagnosis (one of this research team’s ongoing
projects) because it expands the explanation for using parallel computing and efficiently
detecting conflicts. Regarding product completion, the work of Vidal [1] presents PAR-
ALLELFASTDIAG, a speculative version of FASTDIAG, an efficient solution for diagnosis
applying speculative programming. PARALLELFASTDIAG invites us to use it to obtain a
more efficient product completion solution.
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6. Conclusions

This survey research points out the maturity of AAFM. Almost half of the obtained
papers appear in journals. Concretely, journals published 24 of the 51 reviewed articles,
that is, 47.1%; and 27 articles out of 51 in conferences and workshops, that is, 52.9%. We
pinpointed the main trends and current state in the AAFM area for the configuration of
products. Specifically, this research focused on conflict detection, diagnosis, and product
completion solutions. This review guides researchers in defining eventual contributions
in the AAFM product configuration area. The obtained results motivate us to continue
researching the AAFM product configuration area.

This research demonstrates that there is still work to be done in the AAFM process
for conflict detection, diagnosis, and product completion operations. This review did not
find work concerning speculative programming in AAFM operations before 2020, nor
for product completion. The main author of this research proposed PARALLELQUICK-
XPLAIN [89,90], PARALLELFASTDIAG [1] along with a solution for the product comple-
tion [91].

In the context of Industry 4.0, the new manufacturing revolution of mass customization
for high-complexity and low-volume production is moving forward [92]. The configuration
and customization of products represent high-value activity. For the current computing and
information advances, developing more efficient solutions for the product configuration
seems suitable. The feasibility of applying speculative programming represents a significant
advance. Following the steps of Galindo et al. [93] for using BigData on the AAFM process
also seems like a great opportunity.
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