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Context: Software product line engineering has proven to be an efficient paradigm to developing families of

similar software systems at lower costs, in shorter time, and with higher quality.

Objective: This paper analyzes the literature on product lines from 1995 to 2014, identifying the most influ-

ential publications, the most researched topics, and how the interest in those topics has evolved along the

way.

Method: Bibliographic data have been gathered from ISI Web of Science and Scopus. The data have been

examined using two prominent bibliometric approaches: science mapping and performance analysis.

Results: According to the study carried out, (i) software architecture was the initial motor of research in SPL;

(ii) work on systematic software reuse has been essential for the development of the area; and (iii) feature

modeling has been the most important topic for the last fifteen years, having the best evolution behavior in

terms of number of published papers and received citations.

Conclusion: Science mapping has been used to identify the main researched topics, the evolution of the inter-

est in those topics and the relationships among topics. Performance analysis has been used to recognize the

most influential papers, the journals and conferences that have published most papers, how numerous is the

literature on product lines and what is its distribution over time.

© 2015 Elsevier B.V. All rights reserved.
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. Introduction

A Software Product Line (SPL) is an engineering approach to effi-

ient development of whole portfolios of software products [1]. The

asis of the approach is that products, instead of being developed

rom scratch one by one, are built from a core asset base, i.e., a col-

ection of artifacts that have been designed specifically for use across

he portfolio.

The SPL approach brings the benefits of economies of scope to

oftware engineering, since less time and effort are needed to pro-

uce a greater variety of products. Many companies have exploited

he concept of software product lines to increase the resources that

ocus on highly differentiating functionality and thus improve their

ompetitiveness with higher quality and reusable products while de-

reasing the time-to-market condition. For instance, van der Linden

t al. [2] summarize experience reports from ten different companies
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orking on diverse domains (e.g., Bosch on Gasoline Systems, Nokia

n Mobile Phones, Philips on Consumer Electronics Software for Tele-

isions, Siemens on Medical Solutions, etc.).

The goal of this paper is to analyze, using bibliometric techniques,

he literature on SPLs for the last twenty years in order to determine

he main topics and trends of this research area. The outcomes of our

nalysis provide information regarding the following issues:

1. What are the most influential papers on SPL literature?

2. Who are the most prolific authors?

3. What journals, conferences, etc. have published the majority of

the papers?

4. How numerous is the SPL literature? How has paper publication

been distributed over time?

5. What are the main topics studied in the area? How has the inter-

est in those topics evolved with time?

6. What are the most impacting papers for a given a topic along a

certain period of time?

We have processed 2845 records retrieved from ISI Web of Sci-

nce (ISIWoS) and Scopus by using two approaches to examine bibli-

graphic data: performance analysis [3] and science mapping [4].
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193 1, 4581,194

ISIWoS= 1, 387 Scopus= 2, 652

Fig. 1. Number of records retrieved from ISIWoS and Scopus.
Performance analysis tries to quantify the impact of scientific ac-

tors (researchers, journals, etc.) on a research field by measuring how

often a paper is cited. In particular, this paper uses H-index [5] to mea-

sure publication impact, which is one of the most popular indicators

for citation analysis.

Science mapping attempts to display the structural and dynamic

aspects of scientific research, delimiting a research field, and identi-

fying, quantifying and visualizing its thematic subfields. To map the

SPL research area, we have used a technique called co-word analysis,

that measures the association strengths of publication keywords [6].

Our work uses both performance analysis and science mapping

in a complementary way. Bibliometric maps supports visualizing the

main topics in the literature, their evolutions and inter-relationships.

Performance analysis helps to identify the most productive topics (in

terms of number of published papers), and the most impacting ones

(according to received citations).

The remainder of the paper is structured as follows: Section 2

summarizes the methodology and techniques used to carry out our

work. Section 3 reports the performance analysis of the whole SPL

research area, identifying those papers that due to their number of

citations should be considered as classics. Section 4 applies science

mapping techniques to identify the cognitive structure and evolution

of the SPL literature. Section 5 discusses threats to the validity of our

work. Finally, some concluding remarks are provided in Section 6.

2. Materials and methods

To perform the bibliometric analysis described in this paper, the

workflow proposed in [7,8] has been followed, which is composed of

the following steps:

(1) Data retrieval. The data processed in this paper come from

ISIWoS and Scopus, which are the most reliable bibliographic

databases at the moment [9,10]. On September 2015, the fol-

lowing query1 was made on Scopus and the ISIWoS Core Col-

lection for the time span 1995–2014:

TOPIC =
”software product line*” or
(
(
”product line*” or ”mass customization” or ”product famil*” or
”program famil*” or ”software factor*” or ”product platform*”
) and
(
”domain engineering” or ”application engineering” or
”feature model*” or ”feature diagram*” or
”decision model*” or ”decision diagram*” or
(software and variabilit*)
)
)

Venn diagram in Fig. 1 depicts the number of publication

records provided by each database: 1387 records from ISIWoS

and 2652 records from Scopus. 1194 of those records were

common for both Scopus and ISIWos. Thus, the total number

of records processed in this paper is 2845.
1 The asterisk pattern character means zero to many characters; it is used in our

query to catch the noun plurals.
(2) Data aggregation. The scatter plot in Fig. 2 shows the num-

ber of citations of the records common to ISIWoS and Sco-

pus, including the corresponding regression line as well. ISI-

WoS has a more selective procedure to include bibliographic

references than Scopus. As a result, Scopus provides more

records than ISIWoS, and the citations tend to be higher as

well.

For the query we performed, the Pearson’s correlation coeffi-

cient of the citation counts is 0.87. So the information provided

by both databases is rather consistent.

To combine the records, the citation count for the common

records was computed as the maximum of the citations given

by ISIWoS and Scopus.

(3) Preprocessing. The data retrieved from bibliographic

databases usually have errors. For instance, references may be

duplicated, authors’ names may appear in different ways, etc.

So, it is necessary to preprocess the data before carrying out

any analysis.

To track the evolution of the SPL research area and measure its

performance, we have used two approaches that require ana-

lyzing publication keywords and citations: Co-Word Analysis

and H-index. Hence, we have performed a laborious prepro-

cessing procedure to

(1) Correct invalid citations; e.g., the technical report [11] ap-

pears cited in the raw data gathered from ISIWoS as “Bach-

man F., 2005, CMUSEI2005 TR012” and “Bachmann F., 2005,

CMUSEI2005TR012”.

(2) Standardize keywords. From the ISIWoS records, a set of

2000 keywords was available, 1667 were authors’ key-

words and 333 were words provided by ISIWoS KeyWords

Plus (index terms created by Thomson Reuters from signif-

icant, frequently occurring words in the titles of an article

cited references). The Scopus records included a set of 9308

keywords. As Fig. 3 summarizes, the initial aggregated set

of 11,308 keywords was progressively reduced by applying

the following steps:

(a) Keywords were converted to uppercase, leading and

trailing white-spaces were removed, and inner white-

spaces were replaced by the character ‘-’. After that,

the repeated keywords were removed and plurals were

grouped.

(b) Keywords useless to identify research topics inside the

SPL area were discarded. For example, SOFTWARE-

PRODUCT-LINE, PRODUCT-FAMILY, SOFTWARE-

ENGINEERING, etc. are applicable to all the records

and thus they cannot be used to distinguish partic-

ular topics. Therefore, those general keywords were

removed.

(c) Keywords were grouped according to their mean-

ing. To improve the interpretability of the co-word

analysis results, the set of keywords was reduced by

grouping those words that refer to the same topic.

For instance, STAGED-CONFIGURATION, AUTOMATED-

CONFIGURATION, FEATURE-BASED-CONFIGURATION,

PRODUCT-DERIVATION-TOOL, etc. were grouped as

PRODUCT-DERIVATION.

(4) Analysis. There are two main approaches to examine biblio-

graphic data [12]:

(1) Performance analysis tries to quantify the impact of scien-

tific actors (researchers, journals, etc.). In particular, the

performance analysis we have carried out is based on H-

index, which is introduced in Section 2.1.

(2) Science Mapping looks for identifying the cognitive struc-

ture and evolution of a research field. Section 2.2 summa-

rizes the techniques used in this paper for mapping the SPL

research area.



R. Heradio et al. / Information and Software Technology 72 (2016) 1–15 3

Fig. 2. Number of citations for publications common to ISIWoS and Scopus.
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Fig. 3. Summary of the keyword standardization.
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o preprocess and analyze the bibliographic data, the open source

oftware tool SciMAT [13] has been used, which is freely available at

ttp://sci2s.ugr.es/scimat/.

.1. Performance analysis: H-index

The main approach to evaluate research performance is paper ci-

ation analysis [14], whose main tenet is “the more often a paper be-

omes cited the greater its influence on the field” [15]. One of the

ost popular indicators for citation analysis is H-index, which was

ntroduced by Hirsch [5] to measure the scientific performance of a

esearcher through her publications. Its original definition is

“a scientist has index h if h of her n papers have at least h citations

ach, and the other (n − h) papers have ≤ h citations each”.

Compared to alternative approaches, H-index has the following

dvantages:

• It comprises in a single indicator two aspects that traditionally

have been measured separately using different indicators: the

quantity and the impact of the scientific output of a researcher.

• It has been proven to be robust in the sense that it is insensitive to:

(i) a few outstandingly highly cited papers (increasing the H-index

requires receiving citations in a large number of papers) [16], and

(ii) a set of lowly cited papers (which is usually considered as a

drawback)

• It is easy to compute from the citation data available through the

scientific databases as Web of Knowledge and Scopus.

Garfield [3] defined the concept of citation classics to identify the

apers most frequently cited. Analyzing the citation classics of a
esearch field (i) helps recognizing the major advances in the disci-

line [17], (ii) provides historical perspective of its scientific progress

18,19], and (iii) identifies the main intellectual actors of the research

eld [20], including not only researchers but also prominent journals,

onferences, etc.

Martinez et al. [21] proposed adapting the H-index definition as

ollows to support the analysis of citation classics:

“a research area has index h, if h of the n papers published in the

rea have at least h citations each, and the other (n − h) papers have

h citations each”.

The top h papers of a research area constitute its H-core, which

dentifies the highest-performance publications of the area. An alter-

ative procedure to identify citation classics is establishing a thresh-

ld for the number of cites so that a paper is considered classic if it

as more citations than the threshold. Unfortunately, the threshold

iffers for each discipline because the citation counts of a scientific

eld depend on many factors such as aging of the area, citation dis-

ribution, publication and citation practices, the activity rate of the

cientific community, the number of scientists, channels of informa-

ion dissemination, etc [22]. In contrast, H-core is insensitive to the

imension of the research field [5].

.2. Science mapping

Science mapping can be used to get three kind of maps: thematic

etworks, strategic diagrams, and maps of conceptual evolution.

.2.1. Thematic networks

In this paper, a particular science mapping approach known as

o-word analysis has been used to identify the main topics of a sci-

ntific field and their inter-relationship. It measures the association

trengths of terms representative of the publications in the field by

nalyzing the co-occurrence frequency of pairs of keywords. Several

easures have been proposed to estimate the association strength

etween publication keywords. Van Eck et al. [23] performed an anal-

sis of many of those measures, concluding that equivalence index

4] is the most appropriate one for normalizing co-occurrence fre-

uencies. In bibliometrics, equivalence index is also known as proxim-

ty index [24], probabilistic affinity index [25], and association strength

6,26].

The equivalence index eA�B of two keywords A and B is defined

y Eq. (1), where cA�B is the number of publications where A and

http://sci2s.ugr.es/scimat/
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Fig. 4. Distribution of topic roles in a strategic diagram.
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B appear together, and cA and cB are the total number of documents

that include A and B, respectively.

eA�B =
c2

A�B

cA · cB

(1)

The value of eA�B falls into the interval [0..1]:

• When there is no publication where A and B appear together as

keywords, cA�B = 0, and thus eA�B = 0.

• If A and B are keywords that appear always together, cA = cB =
cA�B, and thus eA�B = 1.

A clustering algorithm can use the equivalence index to identify

research topics by looking for groups of strongly linked keywords

[4,27,28]. In this paper, the algorithm of simple centers [4] has been

used to get the clusters, each one representing a topic. This algorithm

has been successfully used in a number co-word studies [6,29–33]

and has the advantage of producing labeled clusters (in contrast to

other alternative approaches that generate unlabeled clusters, which

need to be revised by an expert to identify the topics they represent).

Since the equivalence index has the drawback of being high when

keywords appear infrequently but almost always together, a cluster-

ing algorithm guided by that index might overestimate the impor-

tance of those keywords and create irrelevant clusters [6]. To over-

come that problem, the simple center algorithm needs to be adjusted

through the following parameters:

• The minimum number of publications where keywords are re-

quired to appear (minoccurrences).

• The minimum number of publications where a pair of key-

words need to appear together to be taken into account

(minco · occurrences). If this parameter is too high, few links may be

formed; if it is too low, an excessive number of links may result. In

the former case, subspecialities in a field may not emerge; in the

latter case, most representative and well-connected topics will be

harder to detect due to the noise of less representative and less

well-connected ones [6].

• The minimum and maximum number of keywords a cluster can

group (minkeywords and maxkeywords). These parameters set the

size of the clusters.

Algorithm 1 summarizes in pseudocode how the approach works.

In such a way, each detected topic is modeled by a cluster of inter-

related keywords known as thematic network.
Algorithm 1: simple_centers.

Input minoccurrences; minco·occurrences; minkeywords; maxkeywords;

Output set of clusters;

begin
Remove all keywords included in less than minoccurrences

publications;

repeat
Get the link with highest eA�B from all possible

keywords to begin a cluster;

From that link, form other links in a breadth-first

manner, until no more links are possible due to

minco·occurrences or minkeywords or maxkeywords;

The keyword which participates in more links is

considered the cluster center and so it provides the

cluster name;

Remove all incorporated keywords from the list of

subsequent available keywords;
until No two remaining keywords co-occur frequently enough

to begin a cluster;

s

i

[

2

y

.2.2. Strategic diagrams

The role that a topic plays in a research area may be characterized

sing the following measures:

• Cluster’s density, which estimates its internal coherence by mea-

suring the strength of the links that tie together the keywords of

the cluster [4]. Density may be computed with Eq. (2), where A

and B are keywords belonging to the cluster, and #cluster is the

number of keywords of the cluster.

densitycluster = 100

#cluster
·

∑

A,B∈cluster

eA�B (2)

• Cluster’s centrality, which measures its degree of interaction with

other clusters. The greater the number and strength of the links

of a topic to other clusters, the more central this topic is in the re-

search field [34]. Centrality may be computed with Eq. (3), where

A and B are keywords inside and outside the cluster, respectively

[4].

centralitycluster = 10 ·
∑

A∈cluster,B/∈cluster

eA�B (3)

To get a global representation of the role of all topics, a strate-

ic diagram can be used [35], which is a two-dimensional layout

here the x-axis and y-axis represent cluster’s centrality and den-

ity, respectively. As Fig. 4 shows, topics may be classified accord-

ng to the quadrant where they are placed in a strategic diagram

4,36,37]:

Quadrant 1 includes topics both well developed and important

for the research field. Due to their high centrality and density,

those topics are usually known as motor topics.

Quadrant 2 contains important but weakly structured topics.

They could be transversal topics or underdeveloped top-

ics of considerable significance for the entire research field

[33].

Quadrant 3 has both weakly developed and marginal topics, rep-

resenting emerging or disappearing topics.

Quadrant 4 includes topics that have well developed internal

links but unimportant external ties. Since those topics are in-

ternally well structured, they indicate that a constituted social

group is active in them. Nevertheless, they should be consid-

ered peripheral to the work being performed in the global re-

search field [29].

.2.3. Maps of conceptual evolution

The analysis of co-citation clusters over consecutive periods of

ears can be used to track the emergence and growth of research
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Table 1

Citation classics.

Type of source Year of publication #Citations Thematic network

Benavides et al.: Automated analysis of feature models 20 years later: a literature

review [43]

Journal 2010 352 AUT-ANLYS

Czarnecki et al.: Formalizing cardinality-based feature models and their

specialization [44]

Journal 2005 255 FEATURE-MOD

Czarnecki et al.: Staged configuration through specialization and multilevel

configuration of feature models [45]

Journal 2005 227 FEATURE-MOD

Batory: Feature models, grammars, and propositional formulas [46] Conf. 2005 192 FEATURE-MOD

Coplien et al.: Commonality and Variability in Software Engineering [47] Journal. 1998 171 SW-ARCH

Smaragdakis et al.: Mixin Layers: An Object-oriented Implementation Technique

for Refinements and Collaboration-based Designs [48]

Journal. 2002 157 SW-ARCH

Kästner et al.: Granularity in Software Product Lines [49] Conf. 2008 144 SW-ARCH

Hallsteinsen et al.: Dynamic software product lines [50] Journal 2008 135 SW-ARCH

Figueiredo et al.: Evolving software product lines with aspects: an empirical

study on design stability [51]

Conf. 2008 134 SW-ARCH

Schobbens et al.: Generic semantics of feature diagrams [52] Journal 2007 129 FEATURE-MOD

Benavides et al.: Automated reasoning on feature models [53] Conf. 2005 113 FEATURE-MOD

Schobbens et al.: Feature Diagrams: A survey and a formal semantics [54] Conf. 2006 107 FEATURE-MOD

Czarnecki et al.: Feature diagrams and logics: There and back again [55] Conf. 2007 103 FEATURE-MOD

Thaker et al.: Safe Composition of Product Lines [56] Conf. 2007 103 FEATURE-MOD

Böckle et al.: Calculating ROI for software product lines [57] Conf. 2004 99 SW-ARCH

Apel et al.: Aspectual feature modules [58] Journal 2008 98 SW-ARCH, FEATURE-MOD

Classen et al.: Model Checking Lots of Systems: Efficient Verification of Temporal

Properties in Software Product Lines [59]

Conf. 2010 98 AUT-ANLYS

Schaefer et al.: Delta-oriented Programming of Software Product Lines [60] Conf. 2010 97 VARIABILITY-MANAGEMENT,

SOFTWARE-DESIGN

Svahnberg et al.: A Taxonomy of Variability Realization Techniques [61] Journal 2005 95 SW-ARCH, FEATURE-MOD

Czarnecki et al.: Verifying Feature-based Model Templates Against

Well-formedness OCL Constraints [62]

Conf. 2006 94 FEATURE-MOD

Metzger et al.: Disambiguating the documentation of variability in software

product lines: A separation of concerns, formalization and automated analysis

[63]

Conf. 2007 92 FEATURE-MOD

Thüm et al.: Reasoning about edits to feature models [64] Conf. 2009 90 FEATURE-MOD

Engström et al.: Software product line testing-a systematic mapping study [65] Journal 2011 84 SW-REUSE

Voelter et al.: Product Line Implementation Using Aspect-Oriented and

Model-Driven Software Development [66]

Conf. 2007 79 SW-ARCH, FEATURE-MOD

Bosch et al.: From integration to composition: On the impact of software product

lines, global development and ecosystems [67]

Journal 2010 79 SW-DESIGN

Kästner et al.: A Case Study Implementing Features Using AspectJ [68] Conf. 2007 76 SW-ARCH, FEATURE-MOD

Moon et al.: An approach to developing domain requirements as a core asset

based on commonality and variability analysis in a product line [69]

Journal 2005 73 DOMAIN-ENG

Batory et al.: Automated Analysis of Feature Models: Challenges Ahead [70] Journal 2006 72 FEATURE-MOD

She et al.: Reverse engineering feature models [71] Conf. 2011 72 AUT-ANLYS

Svahnberg et al.: Evolution in software product lines: Two cases [72] Journal 1999 67 SW-ARCH

Schmid et al.: A comprehensive product line scoping approach and its validation

[73]

Conf. 2002 67 SW-REUSE, SW-ARCH

Northrop: SEI’s software product line tenets [74] Journal 2002 67 SW-REUSE

Czarnecki et al.: Staged configuration using feature models [75] Conf. 2004 67 FEATURE-MOD

Heidenreich et al.: FeatureMapper: Mapping Features to Models [76] Conf. 2008 66 FEATURE-MOD

Apel et al.: Type safety for feature-oriented product lines [77] Journal 2010 66 AUT-ANLYS

Classen et al.: Symbolic model checking of software product lines [78] C. 2011 64 AUT-ANLYS

Lee et al.: Concepts and Guidelines of Feature Modeling for Product Line

Software Engineering [79]

Conf. 2002 64 FEATURE-MOD

Beuche et al.: Variability management with feature models [80] Journal 2004 61 FEATURE-MOD

Mietzner et al.: Variability modeling to support customization and deployment

of multi-tenant-aware Software as a Service applications [81]

Conf. 2009 60 FEATURE-MOD

Liebig et al.: An Analysis of the Variability in Forty Preprocessor-based Software

Product Lines [82]

Conf. 2010 58 VARIABILITY-MANAGEMENT

da Mota et al.: A systematic mapping study of software product lines testing [83] Journal 2011 56 SW-REUSE

Birk et al.: Product line engineering: The state of the practice [84] Journal 2003 55 SW-ARCH

Alves et al.: Refactoring product lines [85] Conf. 2006 55 FEATURE-MOD

Fischbein et al.: A foundation for behavioural conformance in software product

line architectures [86]

Conf. 2006 55 SW-ARCH

Mendonca et al.: S.P.L.O.T. - Software product lines online tools [87] Conf. 2009 55 FEATURE-MOD

van Ommering: Software reuse in product populations [88] Journal 2005 54 DOMAIN-ENG, SW-ARCH

Asikainen et al.: Kumbang: A domain ontology for modelling variability in

software product families [89]

Journal 2007 54 DOMAIN-ENG

Dhungana et al.: The DOPLER meta-tool for decision-oriented variability

modeling: A multiple case study [90]

Journal 2011 54 AUT-ANLYS,

PRODUCT-DERIVATION

Chen et al.: A systematic review of evaluation of variability management

approaches in software product lines [91]

Journal 2011 54 VARIABILITY-MANAGEMENT

Berger et al.: Variability modeling in the real: A perspective from the operating

systems domain [92]

Conf. 2011 53 AUT-ANLYS

Krueger et al.: Eliminating the adoption barrier [93] Journal 2002 51 SW-ARCH
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Table 2

Most prolific authors.

Author #Publications Classics

S. Apel 53 [49,58,68,77,82]

K. Schmid 49 [50,57,73,84]

P. Heymans 49 [52,54,59,63,78]

C. Kästner 45 [49,64,68,77,82]

J.D. McGregor 44 [57,83]

I. Schaefer 44 [60]

U. Kulesza 40 [51,85]

E. S. de Almeida 40 [83]

K. Czarnecki 38 [44,45,55,62,71,75,92]

P. Borba 37 [85]

R. Rabiser 36 [90]

G. Botterweck 35 –

H. Gomaa 31 –

G. Saake 31 [58]

D. Benavides 31 [43,53,70]

Fig. 5. Number of published papers and classics per year.

3

t

n

c

t

i

c

c

p

t

F

s

F

c

areas, and predict their near term change [38]. In particular, the

movement of topics throughout the quadrants of strategic diagrams

in successive periods of years provides information regarding their

evolution. For instance, when a topic passes from Quadrant 3 to 1, it

means that an emerging topic has been developed and become cen-

tral for the field.

The terminology used in a research area also changes over time:

whereas some words fall into disuse, other new words come into use.

Tracking the set of keywords that is used in each period gives infor-

mation regarding if the number of researched topics increases (new

words are added), decreases (old words are removed), or remains sta-

ble. Several measures has been proposed to account for this type of

evolution. [39–42] provide discussions on the pros and cons of some

of these measures, including Pearson correlation coefficient, Salton’s

Cosine formula, Jaccard Index, and Inclusion Index. In this paper, we

will follow the recommendations given by Sternitzke and Bergmann

[42] and use inclusion index.

The inclusion index between two sets S and S′ of words is com-

puted by Eq. (4) as the number of common words to both sets divided

by the number of words of the smallest set.

inclusion indexS�S′ = #(S ∩ S′)
min(#S, #S′) (4)

In such a way, we build the conceptual evolution maps of the re-

search area analyzed [33].
Fig. 6. Top publica
. Software product line citation classics

This section analyzes the performance of the SPL field. To identify

he citation classics in SPLs, the H-index is used (see Section 2.1). The

umber of papers we have analyzed is 2845, and the total number of

itations to all of them is 15,018. Thus, the average number of cita-

ions per paper is 5.28. Finally, the H-index of the SPL research area

s 51.

Table 1 summarizes the H-core of the SPL field, i.e., its citation

lassics. The last column describes the thematic network for each

lassic according to the science mapping results reported in Section 4.

Table 2 summarizes the most prolific authors, i.e., those who have

ublished a largest number of papers. The last column lists the cita-

ion classics each author has written.

Fig. 5 summarizes the number of papers and classics per year.

ig. 6 identifies the most prominent sources of publication. Fig. 6(a)

hows the conferences and journals that have published more papers.

ig. 6(b) represents the sources whose papers have received more

itations.
tion sources.
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Table 3

Parameters for Algorithm 1.

Parameter Period 1 Period 2 Period 3 Period 4

(1995–1999) (2000–2004) (2005–2009) (2010–2014)

minoccurrences 2 3 4 4

minco · occurrences 2 3 3 3

minkeywords 2 2 2 2

maxkeywords 5 5 5 5

4

l

t

t

t

r

2

i

l

r

p

r

a

a

o

4

A

Fig. 8. Thematic network SW-ARCH for Period 1 (1995–1999).

Table 4

Topic performance for Period 1 (1995–1999).

Topic #Publications #Citations Average H-index H-core

Citations

SW-ARCH 13 157 12.08 7 [47,72,94–96]

[97,98]

K

t

o

t

i

c

A

f

e

q

t

b

. Science mapping and longitudinal study for software product

ines

To analyze the structure and dynamics of the SPL research area,

he bibliographic data were divided into four consecutive periods of

ime: 1995–1999, 2000–2004, 2005–2009, and 2010–2014. To detect

he main topics of each period, the algorithm of simple centers was

un using the parameters summarized in Table 3. Out of a total of

845 documents, 23 were published in Period 1, 208 in Period 2, 902

n Period 3, and 1712 in Period 4. Note that Periods 1 and 2 have rather

ess documents than Periods 3 and 4. As recommended by [6,33], pa-

ameters minoccurrences and minco · occurrences were reduced for those

eriods to accommodate the lesser volume of data.

Fig. 7 offers a global representation of the simple center algo-

ithm outcomes. The topics detected in each period are arranged on

strategic diagram according to their centrality and density. Topics

re depicted as nodes whose volume is proportional to the number

f publications they have associated.

.1. Period 1

Period 1 includes just one topic: Software Architecture (SW-

RCH). Fig. 8 shows the structure of its associated cluster as a graph.
Fig. 7. Strategic diagrams for
eywords are represented as nodes whose volume is proportional

o their associated number of publications. The equivalence index

f two keywords A and B is depicted by the thickness of the edge

hat links A to B. Table 4 summarizes the performance of the period,

.e., the number of publications on topic SW-ARCH, the number of

itations they received in total and on average, the H-index for SW-

RCH, and those publications that should be considered as classics

or SW-ARCH.

According to Fig. 8 and Table 4, the SPL field comes from a conflu-

nce of research on Software Architecture, Domain Engineering, Re-

uirements Engineering, and Object Orientation. From 1995 to 1999

here were published a reduced number of papers with a high num-

er of citations on average, shaping a topic with high density and
Periods 1, 2, 3, and 4.
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Fig. 9. Thematic networks for Period 2 (2000–2004).

Table 5

Topic performance for Period 2 (2000–2004).

Topic #Publications #Citations Average H-index H-core

citations

SW-REUSE 68 678 9.98 12 [73,74,99–101]

[102–106]

[107,108]

FEATURE-MOD 52 562 10.81 12 [75,79,80,99,102]

[108–112]

[113,114]

SW-ARCH 47 433 9.21 9 [48,57,73,84,93]

[106,107,110,115]

S

3

S

E

R

w

r

a

a

m

S

4

E

t

p

t

centrality that acted as motor for the research carried out in the

subsequent periods.

4.2. Period 2

Period 2 encompasses three topics: Software Reuse (SW-REUSE),

SW-ARCH, and Feature Modeling (FEATURE-MOD). Fig. 9 shows the

structure of their associated clusters. Table 5 sums up the perfor-

mance of the period.
Fig. 10. Thematic networks fo
According to Fig. 7(b), SW-REUSE and FEATURE-MOD replaced

W-ARCH as motor topic. In particular, SW-ARCH fell into quadrant

, becoming a declining topic.

From 2000 to 2004, most published papers where about

W-REUSE, a topic which bound together research on Domain

ngineering, Requirements Engineering, SPL Evolution, Software

eusability, and Software Components. Moreover, those papers

here the most cited on average.

In addition, FEATURE-MOD emerged as a motor topic that grouped

esearch on Software Design, Feature Modeling, Object Orientation,

nd Product Derivation on SPLs.

Notice that the relation between papers and topics is N: M, that is,

paper may talk about many topics, and a topic may be covered by

ore than one paper. For instance, Ref. [102] is a core paper of both

W-REUSE and FEATURE-MOD (see Table 5).

.3. Period 3

Period 3 has three main topics: Domain Engineering (DOMAIN-

NG), SW-ARCH, and FEATURE-MOD. Fig. 10 shows the structure of

heir associated clusters. Table 6 summarizes the performance of the

eriod.

From 2005 to 2009, FEAUTURE-MOD became the most important

opic in SPL research, not only in terms of quantity (being the topic
r Period 3 (2005–2009).
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Table 6

Topic performance for Period 3 (2005–2009).

Topic #Publications #Citations Average H-index H-core

citations

DOMAIN-ENG 198 1,865 9.42 12 [69,88,89,116,117]

[118–122]

[123,124]

FEATURE-MOD 282 2,923 10.36 23 [44–46,52,53]

[54–56,58,61]

[62–64,66,68]

[70,76,81,85,87]

[116,125,126]

SW-ARCH 162 1,180 7.28 11 [49–51,58,61]

[66,68,86,88,127]

[128]

a

i

4

t

M

Q

s

m

Table 7

Topic performance for Period 4 (2010–2014).

Topic #Publications #Citations Average H-index H-core

citations

AUT-ANLYS 264 1,451 5.50 13 [43,59,71,77,78]

[90,92,129–131]

[132–134]

SW-DESIGN 213 796 3.74 11 [60,67,77,91,135]

[136–140]

[141]

VARIABILITY 182 583 3.20 9 [60,82,91,137,140]

MANAGEMENT [142–145]

SW-QUALITY 146 310 2.12 5 [146–150]

PRODUCT 175 524 2.99 9 [90,132,151–153]

DERIVATION [154–157]

SW-REUSE 186 693 3.72 10 [65,83,130,158,159]

[160–164]

p

S

m

c

M

a

A

r

bout which more papers were published), but also in terms of qual-

ty (being the topic with the most citations).

.4. Period 4

Period 4 displays an explosion of topics. It has twice the

opics than Periods 2 and 3: Automated Analysis of Variability

odels (AUT-ANLYS), SW-DESIGN, VARIABILITY-MANAGEMENT, SW-

UALITY, SW-REUSE, and PRODUCT-DERIVATION. Fig. 11 shows the

tructure of their associated clusters. Table 7 summarizes the perfor-

ance of the period.
Fig. 11. Thematic networks fo
According to Fig. 7(c), from 2010 to present days, three topics have

layed a motor role: AUT-ANLYS, VARIABILITY-MANAGEMENT, and

W-QUALITY. As Fig. 11(a) shows, FEATURE-MOD is the keyword with

ost associated publications (not only for its cluster, but for all the

lusters of Period 4). The high equivalence index between FEATURE-

OD and AUT-ANALYS reflects the works on formal methods and

lgorithms to support the automated analysis of feature diagrams.

ccording to Fig. 11(c), VARIABILITY-MANAGEMENT binds together

esearch on Software Components, Domain Specific Languages (DSL),
r Period 4 (2010–2014).
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Fig. 12. Number of keywords per period.

Fig. 13. Topic evolution between periods.
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Model Driven Development (MDD), and Service-Oriented Architec-

ture. Finally, as Fig. 11(d) shows, SW-QUALITY groups research on

Software Architecture (SW-ARCH), Software Security, and Empirical

Studies where the SPL paradigm is validated.

According to Figs. 9(c) and 10(c), the derivation of particular prod-

ucts from a SPL platform has been strongly associated to research on

feature modeling from 2000 to 2009. Nevertheless, Fig. 11(f) and the

position of PRODUCT-DERIVATION in the strategic diagram in Fig. 7(c)

show that this subject is gaining independence and, in the current

period, it binds together research on Ontologies, Domain Engineer-

ing, Optimization problems and Knowledge-Based Engineering.

In Fig. 7(c), SW-DESIGN is halfway between the third and second

quadrant. Jointly with Fig. 11(b), it could be interpreted as that, from

2010 to 2014, a considerable effort is being made to apply general

research on Software Development (Software Design, Aspect Orien-

tation, Multi-Agent Systems, Software Composition) to SPLs.

According to Table 7, the most performing topic in the last years

has been the automated analysis of feature models.

4.5. Longitudinal analysis of topic evolution

Fig. 12 shows the number of keywords used in each period. The

nodes represent periods; the arrows between two consecutive pe-

riods are labeled by (i) the number of keywords shared by both

periods, and, in parentheses, the inclusion index between periods.

Upper-incoming arrows are labeled by the number of new keywords

for the pointed period, and upper-outgoing arrows are labeled by the
umber of keywords that are not present (i.e., discontinued) in the

ext period. For instance, Period 2 includes 154 keywords. 125 of

hem are also included in the next period. The inclusion index be-

ween Periods 2 and 3 is 0.81. Finally, in Period 3, 221 new key words

ere included, and 47 old ones were discarded.

Fig. 12 shows that the SPL research action area has been progres-

ively expanded since (i) the number of publication keywords has

een incremented incessantly from period to period (see nodes), and

ii) the number of new keywords is much bigger than the number

f discarded ones for every period (see upper arrows). On the other

and, the inclusion index between periods is rather high, pointing out

hat the SPL community uses a consolidated terminology.

Fig. 13 describes topic evolution. In particular, Fig. 13 depicts

opics as nodes whose volume is proportional to the number of

ublications they have associated. Nodes are vertically aligned by

eriods (e.g., the second column includes the topics present in Pe-

iod 2). The inclusion index of two topics T and T′ is represented by

he thickness of the edge that links T to T′. Whenever the keyword

hat gives name to T′ is also a keyword in cluster T, the edge is rep-

esented by a solid line. Otherwise, the edge is depicted as a dashed

ine.

According to Fig. 13, the evolution of the SPL area has behaved

roperly, growing smoothly and continuously. The number of publi-

ations has increased in each period. Moreover, no topic has abruptly

isappeared; on the contrary, original topics have progressively been

onsolidated and, especially in the last five years, they have been

ranched out to more specific research themes.
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Fig. 14. Movement of SW-ARCH through the strategic diagrams in Fig. 7.

Fig. 15. Movement of FEATURE-MOD through the strategic diagrams in Fig. 7.
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Fig. 16. Movement of SW-REUSE through the strategic diagrams in Fig. 7.
Feature modeling has been the most important topic in the whole

PL research area. It presents the best evolution behavior and the best

uality indicators (see the H-index of FEATURE-MOD, AUT-ANLYS,

W-QUALITY, and PRODUCT-DERIVATION in Tables 5, 6, and 7). Re-

earch on software architectures and software reuse has also been

ssential for the development of the area. In particular, the following

onclusions may be drawn from Figs. 7 and 13:

1. Fig. 14 depicts the movement of SW-ARCH through the quadrants

of the strategic diagrams in Fig. 7. SW-ARCH was the initial mo-

tor topic, which inspired research on SPLs. Nevertheless, it moved

from the first quadrant in Period 1, to the third quadrant in Periods

2 and 3, becoming a peripheral topic.

2. The evolution of FEATURE-MOD is described by Fig. 15. From

Period 2, feature modeling has behaved as an essential motor

topic for the development of the SPL field. As the size of the

nodes in Fig. 13 shows, the number of publications on this topic

has grown dramatically. In the last five years research on fea-

ture modeling has spread out to several subareas: AUT-ANLYS,

PRODUCT-DERIVATION, and SW-QUALITY (two of them playing a

motor role).

3. The evolution of SW-REUSE is described by Fig. 16. A main goal

for the SPL paradigm is shifting from opportunistic to systematic

reuse of software. Accordingly, SW-REUSE and DOMAIN-ENG have

worked as motor topics from 2000 to 2009. However, nowadays

SW-REUSE may be considered a peripheral topic.

. Threats to validity

The following points summarize the main threats to the validity

f our work, and the strategies we have followed to try to overcome

hem:
1. Bibliographic database. Although there are several freely avail-

able databases, such as Google Scholar (GS), CiteSeerX, Microsoft

Academic Search, getCITED, etc., the paid subscription databases

ISIWoS and Scopus are currently the most reliable [9,10].

If the query in Section 2 had been performed against another

database, the gathered information would have been different.

For instance, as Franceschet [165] notes, ISIWoS and GS have dis-

tinct philosophies. To provide a safeguard against low-quality or

low-impact material being indexed, ISIWoS uses a selective inclu-

sion procedure where in-house editors assess candidate publica-

tion outlets using criteria such as timeliness, peer-review process,

international diversity of editors and authors, citation impact, and

self-citation rate. In contrast, GS includes everything that resem-

bles scholarly work, based on automatic format inspection rather

than content inspection, thereby risking inflation of its record

[166]. It has been argued that, because of its automatic inclusion

process, GS is susceptible to errors in metadata [167] and to index-

ing of non-scientific works [165,168–170]. Moreover, according to

Winter et al. [166]: “the ISIWoS quality control mechanism is es-

pecially important today in an era where some scientists seem to

suffer from writing incontinence [171] and where predatory pub-

lishers are on the rise [172]”.

By combining data from ISIWoS and Scopus, we have tried to

achieve a good balance between:

• Retrospective coverage: ISIWoS offers the most complete retro-

spective quality coverage for all scientific disciplines [173,174],

which is specially appropriated for the rigorous science map-

ping analysis carried out in this paper.

• Conference coverage: the scientific community in Computer

Science is highly driven by conferences, which are inade-

quately covered by ISIWoS. In contrast, Scopus provides a more

complete conference coverage, indexing some of them specifi-

cally focused on software product line engineering, such as the

Software Product Line Conference (SPLC) and the International

Workshop on Variability Modelling of Software-intensive Sys-

tem (VaMoS).

2. Keyword standardization. If the input to the simple centers al-

gorithm included too many keywords, the output might be hard
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to interpret: there would be a high number of clusters, composed

of many keywords interrelated with low equivalence indices. To

overcome this problem, the standardization described in Section 2

was performed.

To properly undertake such standardization, it is needed a deep

knowledge of the SPL research area, specially to discard and group

the keywords. In our case, this task was carried out by two of

the authors of this work (Ruben Heradio and David Fernandez-

Amoros), who are experts on SPLs and regularly publish research

on this area. Whenever they had doubts regarding the meaning of

particular keywords, they carefully read the corresponding papers

to put the words into context.

3. Period setting and parameterization of the simple centers al-

gorithm. To get good performance in the analysis of co-citation

clusters over consecutive periods of years, it is needed a balanced

period length: short enough to prevent smoothing excessively the

data and long enough to include sufficient publications for the

analysis [33]. In our work, we decided to group the publications

in periods of five years, as [28,30,32,175], and [33] also do in sim-

ilar science mapping analyses.

Equivalence index has the drawback of being high when key-

words appear infrequently but almost always together. As a result,

the simple centers algorithm may overestimate the importance of

those keywords and create irrelevant clusters. To avoid that prob-

lem, two of the authors of this paper (Enrique Herrera-Viedma

and F. Javier Cabrerizo), who are experts on bibliometrics and reg-

ularly publish research on this field experimentally adjusted the

simple centers algorithm parameters as summarized in Table 3.

To ease the review of our work, the records retrieved from ISIWoS,

all the raw keywords included in such records, the standardized key-

words, a description on how keywords were grouped, and the sources

where the papers where published are available on:

http://rheradio.github.io/SPL-Bib-Anlys/

6. Concluding remarks

Two bibliometric techniques have been used to provide a struc-

tured view of the SPL literature. Thanks to science mapping, we have

identified the main researched topics, the evolution of the interest

in those topics and the relationships among topics. Thanks to perfor-

mance analysis, we have identified the most influential papers, the

journals and conferences that have published most papers, how nu-

merous is the literature on product lines and what is its distribution

over time.

Moreover, it has been detected that software architecture was the

initial motor of research in SPLs, that work on software systematic

reuse has also been essential for the development of the area, and

that feature modeling has been the most important topic for the last

fifteen years, having the best evolution behavior in terms of number

of published papers and received citations.
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