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ABSTRACT Context: In any discipline, replications of empirical studies are necessary to consolidate the
acquired knowledge. In Software Engineering, replications have been reported since the 1990s, although their
number is still small. The difficulty in publishing, the lack of guidelines, and the unavailability of replication
packages are pointed out by the community as some of the main causes. Objective: Understanding the current
state of replications in Software Engineering studies by evaluating current trends and evolution during the
last 6 years. Method: A Systematic Mapping Study including articles published in the 20132018 period
that report at least one replication of an empirical study in Software Engineering. Results: 137 studies were
selected and analysed, identifying: i) forums; ii) authors, co-authorships and institutions; iif) most cited
studies; iv) research topics addressed; v) empirical methods used; vi) temporal distribution of publications;
and vii) distribution of studies according to research topics and empirical methods. Conclusions: According
to our results, the most relevant forums are the Empirical Software Engineering and Information and Software
Technology journals, and the Empirical Software Engineering and Measurement conference. We observed
that, as in previous reviews by other researchers, most of the studies were carried out by European institutions,
especially Italian, Spanish, and German researchers and institutions. The studies attracting more citations
were published mainly in journals and in the International Conference on Software Engineering. Testing,
requirements, and software construction were the most frequent topics of replication studies, whereas the
usual empirical method was the controlled experiment. On the other hand, we identified research gaps in
areas such as software engineering process, software configuration management, and software engineering
economics. When analysed together with previous reviews, there is a clear increasing trend in the number
of published replications in the 20132018 period.

INDEX TERMS Empirical software engineering, replications, systematic mapping study.

I. INTRODUCTION

Replication of empirical studies in Software Engineering
(SE) is an essential activity for achieving greater validity
and reliability in research results [2], [13]. Most definitions
consider replications to be repetitions of research proce-
dures already performed in a so—called original or baseline
studies [6]. As many other processes in SE, replications
can be classified according to several criteria. Depending
on whether or not they are carried out by the same exper-
imenters as in the original study, they can be classified as
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internal or external [14]. According to the degree to which
the original experiment procedure is followed, they can be
also classified as exact and conceptual [15] or closed and dif-
ferentiated [16]. Basili et al. refer to strict replications when
the original study is duplicated as accurately as possible [17],
whereas Gémez et al. classify them as literal, operational and
conceptual depending on the changes carried out and their
purpose [18].

Regardless of their classification, the importance of repli-
cations is twofold: i) to confirm or extend results; and
ii) to know the influence of new variables, some of them
due to changes imposed by the environment [19]. Although
the first article reporting a replication in SE was published
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TABLE 1. Comparison of related reviews in chronological order.

Review work  Review type  Review context

Review period

Primary studies®  Review focus

[1] SLR Experiments 1993-2002 103 Current state of experiments
[2] SLR Replications 1993-2002 41 Current state of replications
[3] SLR Replications 2010 15 Reporting guidelines
[4] SMS Replications 1994-2010 96 Current state of replications
[5] SLR Experiments 2013-2014 43 Deviating data points
[6] SMS Replications 1996-2013 37 Current state of replications
[7] SMS Replications 2011-2012 39 Current state of replications
[8] SMS Experiments 1999-2012 13 Context characterization
[9] SMS Experiments 2003-2013 110 Human subjects
[10] SLR Experiments 2011-2013 405 Internal and external validity
[11] SMS Replications 1998-2016 39 Families of experiments
[12] SLR Replications 1999-2017 28 Replications results

This article SMS Replications 2013-2018 137 Current state of replications

“Number of primary studies analysed in the review

in 1994 [20], the number of reported replications since then
remains low, mainly because of the difficulty in publish-
ing, lack of guidelines and the unavailability of replication
packages [10]. Although some guidelines have been pro-
posed for reporting controlled experiments in SE [21]-[23],
to the best of our knowledge, Carver’s guidelines [3] are the
only high-level proposal for reporting replications, although
they are very general and their application is not always
straightforward.

On the other hand, the main techniques to inquire into
literature are Systematic Mapping Study (SMS) and System-
atic Literature Review (SLR). SMSs take primary sources,
i.e. papers under study, that are heterogeneous in terms of
comparability but are related to a broader area, and provide
a mapping and categorization of the different facets detected
in the studies [24]. Researchers read the title, abstract, and
optionally, another part of the paper stepwise. The idea is to
get the whole picture of a broad research area and identify
research gaps using visual representations. On the contrary,
SLRs take primary sources that are homogeneous in terms of
comparability and compare them to get to conclusions [25].
SLRs provide a synthesis of the knowledge existing in a
specific field. To do so, researchers have to review in—depth,
understand and classify the whole content of the studies.
In [24], these techniques are compared pointing out that they
should be used in a complementary way. An SMS can be
conducted first to get the whole picture of a broad research
area and then, a specific area of interest is investigated with
an SLR.

In our case, after having to report two internal replica-
tions [26], [135] of a baseline experiment [27] and finding
some problems applying Carver’s guidelines [3]—especially
about reporting changes between replications—we decided
to carry out an SMS on replications in SE as a first step
before performing an SLR. In order to know the trends and
emerging topics, and also to identify research niches that
facilitate and foster replications, we have reviewed studies
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that report at least one replication in SE in recent years.
As a result, we have identified the main trends, leading
venues, institutions, authors and related literature. Our goal
is to highlight the potential research opportunities regarding
both research topics and empirical methods used by experi-
menters. Since there were reviews on replications covering
previous years [4], [6], [7], only studies published since
2013 were considered.

The remainder of this article is organized as follows:
Section II discusses previous related reviews; Section III cov-
ers the methodology used in the performed SMS; Section IV
presents results after analysing primary studies; Section V
analyses the threats to validity; and Section VI presents the
concluding remarks and future work.

Il. RELATED REVIEWS

This section presents previous reviews related to replications
in SE. Table 1 summarizes chronologically these studies
showing their type (SMS or SLR), context, covered period,
number of primary studies reviewed and focus.

A. REVIEWS ABOUT CURRENT STATE OF REPLICATIONS

Sjeberg et al. performed in 2005 a manual search of con-
trolled experiments in SE published between 1993 and
2002 [1]. Although not focused on replications, they found
that 18% of the surveyed studies were replications. They
also identified a lack of terminological consistency and the
need of guidelines for the conduction and reporting of exper-
iments facilitating their replication and meta—analysis. For
the same interval of years, Almqvist performed in 2006 a
manual search in SE journals and conference proceedings
focusing on replications [2]. He grouped the studies into
20 series of experiments, classified replications as internal
and external and analysed whether replications confirmed
the results of the original studies. His main recommenda-
tions were to improve experimental reporting, to develop
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replication guidelines, and to have laboratory packages avail-
able to promote replicability.

In 2014-2015, three SMSs analysed the current state of
replications in SE [4], [6], [7]. Da Silva et al. [4] and
Cartaxo et al. [ 7] selected articles published until 2012 report-
ing replications and extracted information such as the per-
centage and evolution of internal and external replications
and the main topics addressed. Magalhaes et al. [6] explored
articles published until 2013 that did not report any repli-
cation but addressed different topics about replications such
as conceptual frameworks, guidelines, processes and recom-
mendations about how to perform and report replications.
These studies agree on the lack of taxonomies, guidelines,
and standardization on how to report empirical studies and
replications.

B. REVIEWS REGARDING SPECIFIC

ASPECTS OF REPLICATIONS

As commented in the introductory section, Carver performed
in 2010 an SLR focused on replications in which an initial
proposal of reporting guidelines for publishing experimental
replications was presented [3]. In 2014, Larsson et al. per-
formed another SLR about data accessibility for replications
and the presence of deviating data points, also known as out-
liers. Their review concluded that only 37% of the reviewed
studies had available data and that there was a need to improve
the replication of data analysis [5].

In 2015, Cartaxo et al. carried out an SMS to identify the
mechanisms to support context characterization and therefore
to facilitate the replication of empirical studies in SE. Their
research concluded that there were few studies supporting
context characterization [8]. Also in 2015, Falcdo et al. per-
formed an SMS to analyse the experiments published in the
Empirical Software Engineering Journal (EMSE), the Inter-
national Conference on Empirical Software Engineering and
Measurement (ESEM), and the International Conference on
Empirical Assessment & Evaluation in Software Engineer-
ing (EASE). Their analysis included, among other features,
information on whether the experiments were replications,
the type of replications, researchers and institutions publish-
ing experiments and categories of subjects involved in the
experiments [9]. In the same year, Siegmund et al. carried
out an SLR about the status of empirical research in SE,
searching at three main venues: the International Confer-
ence on Software Engineering (ICSE), the European Software
Engineering Conference and Symposium on the Foundations
of Software Engineering (ESEC/FSE), and the ESEM confer-
ence [10]. The main contribution of their review was how to
address the trade—off between internal and external validity.
Their analysis included, among other features, whether the
experiments were replications, the empirical methods used
and the types of participants.

In 2018, Santos et al. published an SMS identifying the
techniques used to analyse families of experiments, consid-
ering them as a group of replications in which: i) there is
access to raw data; ii) the changes introduced are known; and
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iii) the effects of at least two technologies are evaluated
in three experiments on the same response variable [11].
In addition, the changes introduced in the analysed replica-
tions were classified according to the dimensions proposed
in [18]. Shepperd et al. conducted also in 2018 an SLR
in the areas of software project effort prediction and peer
programming. Their analysis included the level of confirma-
tion between replication and original studies according to the
type of replication. They concluded that internal replications
find confirmatory evidence eight times more than external
replications. They also stressed the need to improve reporting
on the original, replication and expected results [12].

Ill. SYSTEMATIC MAPPING STUDY PROCESS

To perform our SMS on replications in SE, we followed the
process proposed in [24], similarly to a recent SMS in the
area of Software Product Lines [28]. This procedure proposes
three main phases in an SMS, namely:

1) Planning the review, which includes the definition of
both process protocol and research questions.

2) Identification of studies, which covers the selection of
primary sources.

3) Data extraction and classification, where the mapping
is developed and conclusions are obtained.

For a better understanding of the followed process, we have
modelled it using BPMN [29], as shown in Fig. 1.

Planning the Study Data Eaﬂaaction
Review Identification Classification
Ex M M

FIGURE 1. High-Level process model of the systematic mapping study.

A. PHASE 1: PLANNING THE REVIEW

In this first phase, the directives for carrying out the review
and the research questions are stated. As shown in Fig. 2,
we distinguish two main tasks, namely protocol definition and
definition of research questions.

1) PROTOCOL DEFINITION

To minimize the threats to validity, the search strategy,
the inclusion criteria (IC;) and the exclusion criteria (EC;)
must be specified. The search strategy starts by querying
the SCOPUS and Web of Science (WoS) repositories with a
custom search string taking into account the inclusion criteria.
Then, the results are filtered applying the exclusion criteria
and eliminating duplicated studies. The inclusion criteria
were the following:

o IC;: Studies reporting at least one replication of an

empirical study in SE.

o IC,: Studies published between 2013 and 2018.

Our search starts in 2013 because, as commented in
Section II, there are two SMSs on replications in SE including
studies performed until 2012 [4], [7]. On the other hand,
the exclusion criteria were the following:
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FIGURE 3. Process Model of the identification of studies phase.

EC;: The term replication is used referring to another
context rather than experiment replication (e.g. data
replication in databases or networks).

EC;: The term replication is used only as future work.
ECj3: The document is not a research paper but an
extended abstract, a tutorial, a summary of confer-
ences, etc.

ECj4: The study is not written in English.

2) DEFINITION OF RESEARCH QUESTIONS
In order to understand the current state of replications in SE,
the research questions for our SMS were the following:

RQ1: Which forums are used to publish replications?
RQ>: Who are the authors and institutions publishing
replications?

RQj3: Which are the most cited studies reporting
replications?

RQ4: Which research topics have been most/less
replicated?

RQs5: What empirical methods have been most used in
replications?
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o RQg: How is the number of studies reporting replica-
tions evolving?

o« RQ7: How are the studies distributed according to
research topics and empirical methods?

B. PHASE 2: STUDY IDENTIFICATION
In this second phase, the studies to be included in the SMS
are identified following the process model shown in Fig. 3.

1) CONDUCT SEARCH FOR PRIMARY SOURCES
The automatic search was conducted querying the SCOPUS
repository containing primary studies, i.e. scientific journals,
books, and conference proceedings. The query string was
developed considering the inclusion criteria and usual syn-
onyms such as experiment, empirical study or controlled
experiment. After several iterations analysing retrieved
studies and adjusting query terms, the final query string was
the following:

“software engineering” and

title—-abs-key( “experiment*” or “case studx”

or “observational studx” or “pilot studx”
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FIGURE 4. Process model of data Extraction and classification phase.

or “survey” ) and

title-abs-key (“replix” or “family ofx”) and

pubyear > 2012 and pubyear < 2019
where “software engineering” restricts the search to stud-
ies within that area by searching in the title, abstract, key-
words, and references, whereas t it le-abs-key searches only
in the title, abstract and keywords of studies, but not in
their references.! The query was executed on May 2019 and
returned 909 studies which were stored in a local JabRef2
file. For the sake of completeness, a similar search was also
performed in the WoS repository with the following query
string:

ALL=“software engineering” and

TS= (“experiment*” or “case studx” or

“observational stud*” or “pilot studx” or

“survey”) and

TS=(“replix” or “family of«*”) and

PY > 2012 and PY < 2019
which was also executed on May 2019 but returned only
152 studies. This remarkable difference between the number
of retrieved studies from each repository is mainly due to the
WosS field label a1, which does not search in references, as is
the case for SCOPUS. Nevertheless, we decided not to change
the SCOPUS query string because we were aware that some
relevant studies were discarded in the case the “software
engineering” string was not looked up in the references.
Therefore, after removing repeated studies, the final number
of studies was 921.

2) FILTERING STUDIES

The exclusion criteria were applied mainly by one researcher
to ensure that all the studies were reviewed uniformly. After
reading the title and abstract of each study, other sections
such as the introduction or conclusions were also reviewed
before making the decision of excluding a study or not.
Only in case of doubt, a second researcher was consulted.

ISome relevant studies presented the string “software
engineering” only in their references, this is why “software
engineering” was not restricted to title—abs-key.

2JabRef is an open source bibliography reference manager using BibTX
as its native file format. See www.jabref.org for details.
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After applying this manual process, 149 studies were initially
included. When we detected that very similar versions of
the same study had been published in more than one jour-
nal or conference, only the most recent journal publication
was included, discarding the others. As a result, 12 duplicate
studies were excluded. The final list of 137 primary sources
is provided in the first appendix.

3) EVALUATION OF SEARCH RESULTS

The search accuracy was evaluated in two ways. Firstly,
by modifying the final query strings and checking that some
studies of interest were not included. As a double check,
we also verified that the number of studies of the best known
authors in the area was lower when using the modified search
strings. Secondly, the year interval was changed in order to
compare the results with those from [7], obtaining about 80%
of their results.

C. PHASE 3: DATA EXTRACTION AND CLASSIFICATION
In this last phase, the mapping itself is performed after defin-
ing classification categories, as shown in Fig. 4.

1) DEFINITION OF CATEGORIES
In our mapping, publications were classified according to
two facets, the addressed research topic area and the type
of empirical study carried out. With respect to the for-
mer facet, instead of keyword—oriented approaches such
as [24], we decided to use some of the 15 well-known
SWEBOK [30] knowledge areas® (KAs), namely require-
ments (REQS), design (DESG), construction (CONS), testing
(TEST), maintenance (MAIN), configuration management
(CONF), management (MNGT), process (PROC), models
and methods (METH), quality (QUAL), professional practice
(PROF), and economics (ECON). Note that some of the
studies were classified in more than one research topic area.
For the latter facet, primary sources were classified accord-
ing to the experimental method used, i.e. experiment (EX),
quasi—experiment (QE), case study (CS) and survey (SV).
Note that quasi—experiments are considered by some authors

3We have used all SWEBOK KAs except the three foundations areas,
i.e. computing, mathematical, and engineering foundations, which are too
general for our purpose.
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TABLE 2. Journals in which replication studies have been published in 2013-2018 ordered by number of publications.

Published studies  Journal name Acronym  SCImago JCR  Qg2018%
21 Empirical Software Engineering EMSE v v Ql
14 Information and Software Technology IST v v Ql
6 IEEE Transactions on Software Engineering TSE v v Q1
5 ACM Transactions on Software Engineering and Methodology TOSEM v v Q1
5 Journal of Systems and Software JSS v v Q1
3 Journal of Visual Languages and Computing JVLC v v Q3
3 Software Quality Journal SQJ v v Q2
3 Software and Systems Modeling SoSyM v v Q1
2 Advanced Materials Research AMR v X -
2 Science of Computer Programming SCP v v Q3
2 Journal of Software — Evolution and Process JSEP v v Q3
1 Applied Soft Computing ASC v v Q1

1 Future Generation Computer Systems FGCS v v Q1
1 Requirements Engineering RE v v Q2
1 Computer Journal Ccl v v Q4
1 Advances in Intelligent Systems and Computing AISC X X -
1 Journal of Theoretical and Applied Information Technology JTAIT v X -
1 International Journal of Software Engineering and Knowledge Engineering ~ IJSEKE v v Q4
1 e—Informatica Software Engineering Journal EISEJ v X -
1 Expert Systems with Applications ESA v v Q1

#2018 quartile in JCR index.

such as [23] as controlled experiments where the assignment
of treatments to subjects is not random, whereas other authors
consider them as experiments in which researchers do not
control every factor, e.g. when they cannot obtain a satis-
factory sample [1], [31]. In our SMS, only primary studies
classified as quasi—experiments by their authors have been
considered as such.

2) DATA EXTRACTION AND MAPPING
At the end of the process, the mapping was performed by
applying the classification scheme to the 137 primary sources
following the steps below.
1) The classification was carried out separately by two
researchers according to the two aforementioned facets.
After reading the title, abstract and keywords—and
other sections in case of doubt—each researcher clas-
sified each primary source.
2) The two classifications were compared and, in case of
disagreement, both researchers examined the document
again until consensus was reached.

IV. SYSTEMATIC MAPPING STUDY RESULTS
In this section, we address each of the research questions
defined in Section III-A2 using graphs to visualize collected
data and providing subsequent interpretations.

A. WHICH FORUMS ARE USED TO

PUBLISH REPLICATIONS?

Of the 137 primary studies identified, 75 (55%) were pub-
lished in journals and 62 (45%) in conference proceedings.
Table 2 presents journals according to the number of pub-
lished replication studies, including also whether they are
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indexed in journal quality rankings such as JCR or SCImago.
The two leading journals, EMSE and IST, include almost half
of the articles published in journals, i.e. they represent 25%
of all the studies included in our review. It is worth noting the
presence of the Advanced Materials Research (AMR) journal
whose scope is very different to SE. We verified manually that
the two articles published in this journal [108], [109] were
correctly selected, i.e. that they complied with the inclusion
and exclusion criteria.

For each journal, Table 3 presents the number of studies
classified according to the two facets of our mapping, i.e.
empirical method used and research topic area. As can be
seen, the controlled experiment (EX) is the preferred empir-
ical method and there is a great variety of research topics,
although requirements (REQS) and testing (TEST) stand out
from the rest. Note that neither configuration management
(CONF) nor economics (ECON) topics, for which no repli-
cation studies were found, are included in Table 3.

Table 4 shows conferences in which at least one repli-
cation study was presented in 2013-2018, with the ESEM
conference standing out from the rest with more than 15%
of all the studies included in our review. Despite being a
workshop on replications, only 3 replication studies in the
same period were presented at the International Workshop
on Replication in Empirical Software Engineering Research
at ICSE (RESER). This discontinued workshop was held
in 2010, 2011 and 2013, so due to the range of years covered
in our review, only the 2013 edition was included. For the
sake of brevity, conferences where only one replication study
has been presented are listed in Table 12 in Appendix B.

Similarly to Table 3, Table 5 depicts for each conference
with more than one replication study, the number of studies
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TABLE 3. Mapping of journals in which replication studies have been published in 2013-2018 across facets.

Empirical method

Research topic area
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TABLE 4. Conferences in which more than one replication study has been published in 2013-2018 ordered by number of publications.

Published studies ~ Conference name Acronym
9 International Symposium on Empirical Software Engineering and Measurement ESEM
6 International Conference on Software Engineering ICSE
4 International Conference on Evaluation and Assessment in Software Engineering EASE
4 International Conference on Software Engineering and Knowledge Engineering SEKE
3 International Workshop on Replication in Empirical Software Engineering Research RESER
3 Requirements Engineering Conference RE
3 Ibero—American Conference on Software Engineering CIBSE
2 Americas Conference on Information Systems AMCIS
2 ACM Symposium on Applied Computing SAC
2 IEEE International Conference on Program Comprehension ICPC

with respect to the categories of the two facets of our map-
ping. In the case of conferences, festing (TEST) and soft-
ware construction (CONS) are the most frequently addressed
topics, although software quality (QUAL) and requirements
(REQS) have close numbers. As for journals, no replica-
tion studies were found for the configuration management
(CONF) and economics (ECON) topics, which were therefore
not included in Table 3. With respect to the most widely
used empirical methods, the controlled experiment (EX), as in
journals, clearly stands out from the rest.

B. WHO ARE THE AUTHORS AND INSTITUTIONS
PUBLISHING REPLICATIONS?

Authors with at least four replications published in the review
period are mapped across SMS facets in Table 6, where it
can be seen that Giuseppe Scanniello from the University
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of Basilicata (Italy) and Natalia Juristo and Oscar Dieste
from the Technical University of Madrid (Spain) are the
most prolific authors. It can also be seen that the most used
empirical method is the controlled experiment (EX) and the
most addressed research topic is requirements (REQS). Other
well-known authors such as Claes Wohlin from the Blekinge
Institute of Technology (Sweden), have relevant publica-
tions on empirical SE in the review period, e.g. [32] with
88 citations in SCOPUS, but we have not included them in
Table 6 because, although they contribute significantly to the
field, they have not reported any replication explicitly in the
2013-2018 period.

To analyse co—authoring networks, we have used the
VOSviewer tool [33]. Fig. 5 shows a co—authorship map gen-
erated with VOSviewer in which the authors in Table 6, i.e.
authors with at least 4 publications, are depicted as clustered
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TABLE 5. Mapping of conferences in which more than one replication study has been published in 2013-2018 across facets.

Empirical method

Research topic area

Conference NY% QE EX CS REQS DESG CONS TEST MAIN MNGT PROC METH QUAL PROF
ESEM 2 0 1 0 2 2 3 0 3 0 2 4 0
ICSE 0 0 n 1 0 1 3 2 1 0 0 0 1 1
EASE 0 0 4 0 2 1 0 2 0 0 0 0 1 0
SEKE 2 0 2 0 1 0 1 1 0 0 0 2 1 0
RESER 0 0 2 1 1 0 1 1 0 0 0 1 0 0
RE 1 0 1 1 3 0 0 0 0 0 0 0 0 0
CIBSE 0 0 3 0 0 0 1 1 0 2 0 0 0 1
AMCIS 1 0 1 0 0 0 1 0 0 0 1 0 1 0
SAC 0 0 1 1 0 0 1 1 0 0 0 0 0 0
ICPC 0 0 2 0 0 1 0 0 0 0 0 1 0 0
Total 6 0 27 5 7 5 10 11 1 5 1 6 8 2
TABLE 6. Mapping of authors with at least four replication studies published in 2013-2018 across facets.
Empirical method Research topic areas
Author SV QE EX CS REQS DESG CONS TEST MAIN MNGT PROC METH QUAL PROF
Scanniello, G. o o [ o s s 2 1 0 2 1 0
Juristo, N. 0 1 7 0 2 1 0 2 1 0 0 3 3 2
Dieste, O. 1 0 0 3 0 1 3 0 0 0 2 2 2
Ferndndez, DM. 8 0 0 1 e o 0 0 0 0 0 0 0 0
Ricca, F. 0 0 6 0 2 2 1 0 1 0 0 2 0 0
Abrahio, S. 0 0 6 0 2 3 0 1 0 0 1 3 0 0
Gravino, C. 0 0 6 0 4 4 2 0 2 0 0 0 0 0
Tortora, G. 0 0 6 0 4 4 2 0 2 0 0 0 0 0
Genero, M. 0 0 0 ! 1 0 3 0 0 0 0 0
Spinola, R.O. - 0 0 0 3 0 1 0 0 1 0 1 0 0
Insfran, E. 0 0 - 0 2 3 0 1 0 0 1 2 0 0
Torchiano, M. 1 0 4 0 1 2 1 0 1 0 0 2 0 0
Carver, J.C. 1 0 4 0 2 1 2 0 2 0 0 0 1 0
Conte, T. 3 0 2 0 3 1 0 1 0 0 1 0 1 0
Vegas, S. 0 0 4 0 0 1 0 0 1 0 0 3 1 1
Risi, M. 0 0 4 0 1 2 2 2 1 0 0 0 0 0
Fucci, D. 0 0 4 0 0 0 1 3 0 0 0 0 3 1
Wagpner, S. 4 0 0 0 4 0 0 0 0 0 0 0 0 0
Prikladnicki, R. 3 0 1 0 3 0 0 0 0 0 1 0 1 0
Reggio, G. 0 0 4 0 1 2 0 0 1 0 0 2 0 0
Total 23 1 87 1 55 34 19 16 17 2 4 22 13 6

linked bubbles. The size of the bubbles depends on the num-
ber of publications whereas the width of the links depends on
the number of common publications between authors. Groups
of authors with common publications are displayed clustered.
Coherently with the data in Table 6, three main clusters are
depicted in Fig. 5 around the most prolific authors, i.e. Scan-
niello, Juristo, and Daniel Méndez Fernandez, who is with
the Technical University of Munich (Germany). Other two
smaller clusters are also identified around Silvia Abrahao,
from the Technical University of Valencia (Spain), and Fil-
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ippo Ricca, from the University of Genoa (Italy). When
all authors are considered, i.e. not only those with at least
four publications, the resulting co—authorship map is shown
in Fig. 6.

Table 7 shows those institutions which currently house
the most active authors and therefore lead the advances in
replications in empirical SE. To obtain this data, the insti-
tutions of the authors of each primary study were counted.
In the case several authors in the same study belonged to
the same institution, the institution was counted only once.
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FIGURE 6. Co-authorship map of authors with at least one replication study in 2013-18.

European universities clearly lead the ranking, with Italy
and Spain as the most active countries in the field. This
fact is a clear continuation of the results in [4], where the
most active institutions were the University of Castilla—La
Mancha (Spain), the University of Sannio (Italy), the Simula
Research Laboratory (Norway), and the University of Val-
ladolid (Spain). In our survey, the five leading institutions are
Italian (University of Basilicata and University of Salerno)
and Spanish universities (University of Castilla—La Mancha,
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Technical University of Madrid, and Technical University of
Valencia).

C. WHICH ARE THE MOST CITED STUDIES

REPORTING REPLICATIONS?

Table 8 lists the most cited studies, including the forum where
they were published, their year of publication, their number
of citations according to SCOPUS as of May 2019, as well as
the empirical method applied and the corresponding research
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TABLE 7. Institutions with at least four replication studies published in 2013-2018 ordered by the number of publications.

Published studies  Institution Official website Country
15 University of Basilicata http://portale.unibas.it Ttaly
8 University of Salerno https://www.unisa.it/ Italy
7 University of Castilla-La Mancha https://www.uclm.es/ Spain
6 Technical University of Madrid http://www.fi.upm.es Spain
6 Technical University of Valencia http://www.upv.es/ Spain
5 Technical University of Munich https://www.tum.de/ Germany
5 Universita di Genova https://unige.it/ Italy
5 Universidade Federal do Amazonas  https://ufam.edu.br/ Brazil
5 University of Sad Paulo https://icmc.usp.br/ Brazil
4 University of Oulu https://www.oulu.fi/ Finland
4 University of Lund https://lunduniversity.lu.se/ ~ Sweden
4 Fondazione Bruno Kessler https://www.fbk.eu/en/ Ttaly
4 Politecnico di Torino https://www.polito.it/ Italy

TABLE 8. Most cited studies reporting at least one replication in 2013-2018 ordered by the number of cites according to SCOPUS as of May 2019.

Study Forum Year #Cites  #Cites/Year ~Emp. Method Topic Areas
Gothra et al. [66] ICSE 2015 109 27,3 CS QUAL
Pearson ef al. [131] ICSE 2017 49 24,5 EX TEST
Binkley et al. [161] EMSE 2013 44 7.3 EX TEST
Ceccato et al. [162] EMSE 2014 41 8,2 EX CONS
Abrahdo et al. [159] TSE 2013 40 6,7 EX REQS, DESG
Fernandez D.M. et al. [58] IST 2015 34 8,5 SV REQS
Ferndndez A. et al. [163] JSS 2013 34 5,7 EX TEST, METH
Fernandez D.M. et al. [116] EMSE 2017 28 14 Sv REQS
Scanniello et al. [102] TOSEM 2014 27 5,4 EX REQS, CONS
Ribeiro et al. [92] ICSE 2014 24 4.8 EX MAIN
Hadar et al. [71] IST 2013 24 4 EX REQS

topic areas. Note that the subjects of the two most cited
studies [65], [130] were not humans but automated meth-
ods for defect prediction and fault location. Although our
main interest is in replications of experiments with human
subjects, we did not exclude these studies following similar
criteria than [4]. Note also that the two most cited articles by
D. M. Fernandez are about a family of surveys on the state
of the practice of Requirements Engineering in Germany.
Regarding forums where the most cited contributions have
been published, the only conference is ICSE, with 3 studies,
and the rest are journals, highlighting EMSE (3 studies) and
IST (2 studies).

D. WHICH RESEARCH TOPICS HAVE BEEN

MOST/LESS REPLICATED?

Table 9 shows primary studies grouped by related research
topic areas. Notice that the number of studies in Table 9 (215)
is greater than the number of primary studies (137) because
some studies were classified in more than one topic area.
Coherently with the data presented in previous sections and
in previous reviews [4], [7], the research topic areas that have
attracted most attention are festing (TEST), requirements
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(REQS) and software construction (CONS) with more than
25% of primary studies addressing each of them.

Some research gaps have been identified related with
the economics (ECON), configuration management (CONF),
and process (PROC) research topic areas, i.e. only 3 replica-
tions studies were published in the PROC area and none in
ECON and CONF areas in the SMS period. Although there
are some empirical studies in the SMS period related to the
CONF area, such as [34], and the PROC area, such as [35],
we have not been able to find any related to the ECON area.
Sometimes, the empirical studies are recent, such as [36], so it
seems reasonable that their replications were not published
yet. Nevertheless, other not so recent studies such as [37],
have not been replicated, which is a very common situation
in most SE experiments, as described in [18].

E. WHAT EMPIRICAL METHODS HAVE BEEN

MOST USED IN REPLICATIONS?

Table 10 shows the number of primary studies grouped by
the empirical method used. As it can be seen, the con-
trolled experiment (EX) is used in almost 75% of the studies.
It is worth noting the low number of quasi—experiments (QE),
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TABLE 9. Research topic areas and related primary studies published in 2013-2018 ordered by the number of publications.

Topic Area  Primary studies #Studies
TEST [42], [44], [46], [48], [52], [53], [62], [63], [64], [68], [74], [82], [84], [93], [95], [102], [103], [106], [108], [113], [114], [116], 38
[121], [130], [132], [133], [134], [142], [144], [146], [151], [155], [156], [159], [162], [166], [172], [173]
REQS [40], [43], [45], [51], [57], [58], [59], [701, [72], [78], [79], [83], [85], [86], [87], [92], [98], [99], [100], [101], [111], [115], [118], 35
[120], [123], [125], [126], [135], [153], [158], [159], [163], [165], [167], [168]
CONS [46], [49], [66], [67], [69], [71], [72], [75], [84], [94], [96], [101], [105], [106], [119], [121], [122], [127], [128], [129], [131], [136], 35
[137], [139], [140], [141], [145], [146], [149], [152], [155], [156], [160], [161], [164]
DESG [41], [47], [53], [67], [69], [75], [80], [81], [82], [871, [93], [971, [98], [107], [109], [111], [113], [124], [135], [158], [163], [167], 27
[169], [171], [172], [174], [175]
QUAL [39], [40], [42], [44], [50], [52], [62], [63], [64], [65], [68], [75], [76], [84], [90], [103], [111], [114], [117], [138], [143], [147], 24
[155], [170]
METH [41], [54], [55], [56], [60], [76], [77], [107], [110], [136], [143], [148], [162], [163], [165], [169], [174] 17
MAIN [45], [49], [58], [591, [711, [80], [91], [96], [97], [133], [140], [141], [148], [149] 14
MNGT [47], [72], [73], [81], [88], [89], [90], [100], [109], [147], [157] 11
PROF [39], [61], [66], [94], [104], [110], [112], [135], [137], [146], [150] 11
PROC [129], [154], [170] 3
Total 215
TABLE 10. Empirical methods and number of primary studies published in 2013-2018 using them ordered by the number of publications.
Method  Primary studies #Studies
EX [40], [41], [42], [43], [45], [46], [47], [48], [49], [521, [53], [54], [55], [56], [58], [59], [60], [62], [63], [64], [67], [69], [70], [71], 101 (73,72%)
[73], [741, [75], [76], [771, [80], [82], [87], [88], [891, [911], [92], [93], [94], [95], [96], [97], [98], [99], [100], [101], [103], [106],
[109], [110], [L111], [114], [116], [119], [120], [121], [123], [124], [126], [127], [128], [130], [131], [132], [133], [134], [135],
[137], [138], [139], [140], [141], [142], [143], [144], [145], [146], [148], [150], [151], [153], [154], [155], [156], [158], [159],
[160], [161], [162], [163], [164], [165], [166], [167], [168], [169], [170], [171], [172], [173], [174], [175]
CS [44], [50], [61], [65], [68], [72], [81], [83], [84], [85], [86], [90], [102], [108], [112], [117], [118], [129], [152] 19 (13,87%)
SV [571, [78], [79], [104], [105], [107], [113], [115], [122], [125], [136], [157] 12 (8,76%)
QE [39], [51], [66], [147], [149] 5 (3,65%)
Total 137  (100%)

probably due to the fact that some researches present them
as controlled experiments in the abstract and even in the
introduction of theirs studies, but as a quasi—experiment in
inner sections. As a matter of fact, some authors consider
quasi—experiments as a specific type of controlled experi-
ment, as commented in Section III-C1 [1], [31].

F. HOW IS THE NUMBER OF STUDIES REPORTING
REPLICATIONS EVOLVING?

Fig. 7 shows the number of replications published in the
review period. With an average of 22.8 studies per year, strong
variations are observed due to the small number of publi-
cations. With regard to empirical methods, the controlled
experiment (EX)—with an average of 16.8 per year—present
similar numbers each year except for 2016. The number of
quasi—experiments (QE) is very low, as commented in the
previous section. On the other hand, the number of case stud-
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ies (CS) each year is very similar and surveys (SV) present a
growing trend since 2015.

G. HOW ARE THE STUDIES DISTRIBUTED ACCORDING TO
RESEARCH TOPICS AND EMPIRICAL METHODS?

Fig. 8 shows the number of studies across the two facets
of our mapping. Consistently with the results commented
in previous sections, testing (TEST), software construction
(CONN), requirements (REQS), and design (DESG) are the
research topics with more replications using controlled exper-
iments (EX). On the other hand, quality (QUAL)—with
7 case studies in 24 contributions—, REQS and TEST are
the topic areas where case study (CS) has been applied more
frequently as empirical method.

V. THREATS TO VALIDITY
According to [4], the most common limitations in a system-
atic review are limited coverage, possible biases introduced in
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the selection process, and inaccuracies during data extraction.
With respect to coverage, the initial search was performed in
the SCOPUS repository verifying that the main SE journals
and conferences, especially those related to empirical SE,
were indexed in SCOPUS. To extend coverage, the WoS
repository was included in the search to check whether new
results were obtained. The second action was ensuring that
the queries returned as many valid results as possible by diver-
sifying search terms using synonyms. The search strings were
obtained after several iterations and results were carefully
checked, as described in Section III-B.

With respect to the selection process and data extraction,
we relied on automated mechanism when possible instead of
manual methods to prevent any bias or errors. The only two
manual processes were the filtering of primary studies and
their classification into defined categories. The filtering was
carried out by one researcher only to ensure that all studies
were reviewed with the same criteria. The classification pro-
cess, due to its difficulty, was carried out by two researchers
and studies were examined until consensus was reached.

VI. CONCLUSION AND FUTURE WORK
In this article, we have presented an SMS on replications of
empirical studies in SE from 2013 to 2018. We have identified
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forums used to publish contributions as well as authors and
institutions holding the current know—how. We have also
identified the studies with the greatest impact and the tempo-
ral distribution of studies. To identify current trends as well
as research gaps in the field, we have performed a mapping to
classify studies according to two facets, namely the addressed
research topic areas and the used empirical methods. When
possible, Table 11 summarises and compares our results with
those of previous reviews [4], [7].

Although previous reviews did not addressed the identi-
fication of the forums used to publish replications in SE,
in our review we have found that in 2013-2018, the number
of studies published in journals (75) is higher than in the
conferences (62) and that three forums—the EMSE and IST
journals and the ESEM conference—concentrate more than
30% of published replications.

Regarding authors and institutions, M. Piattini, M. Genero
(both with U. of Castilla-La Mancha) and E. Manso
(U. Valladolid) were identified in [4] as the three authors
publishing more replications, and the universities of Castilla—
La Mancha (Spain), Sannio (Italy), Valladolid (Spain) and
the Simula Research Laboratory (Norway) as the leading
institutions. In our review, the most prolific authors are
G. Scanniello (U. of Basilicata), N. Juristo and O. Dieste
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TABLE 11. Comparison of results with Da Silva et al. [4] and Bezerra et al. [7].

RQ Context Da Silva et al. [4] Bezerra et al. [7]

This mapping

RQ; Forums Not applicable Not applicable

The EMSE and IST journals and the ESEM conference are the most used forums for

publishing replications in SE.

RQ2 Authors and M. Piattini, M. Genero Not applicable
Institutions  and E. Manso. U. of
Castilla—La Mancha,
U. of Sannio, Simula
Research Lab., and U.
of Valladolid.

RQ3 Mostcited Not applicable

studies

Not applicable

dez.

RQ4 Research
Topics

REQS, CONS, QUAL  DESG, TEST, METH

G. Scanniello, N. Juristo and O. Dieste. U. of Basilicata and U. of Salerno (Italy), and
U. of Castilla-La Mancha, Tech. U. of Madrid and Tech. U. of Valencia (Spain).

Two papers presented at ICSE about automated methods for defect prediction and
fault location. Among the most cited, two surveys on requirements by D. M. Fernan-

Our results are similar to previous reviews, with TEST, REQS, and CONS as the main
research topics studied in replications. We have also identified research gaps in PROC,

CONF, and ECON.

RQs Empirical QE QE
methods

In the first two reviews, the most commonly used empirical method was QE whereas
replications in our mapping use mostly EX.

RQg Studies per Clear increasing trend Clear increasing trend In the period covered, the number of replication studies suffers strong variations.
year When considered together with previous reviews, there is a clear increasing trend
in the number of published replications.

RQ7 Methods vs Not applicable
Topics

Not applicable

In our review, the most common combination in replication studies is EX and TEST.

(T. U. of Madrid), D. M. Fernandez (T. U. of Munich),
S. Abrahio (T. U. of Valencia), F. Ricca (U. of Genoa) and
C. Gravino and G. Tortora (U. of Salerno) and the lead-
ing institutions are the universities of Basilicata, Salerno,
Castilla—La Mancha, T. U. of Madrid and T. U. of Valencia.
Using the co—authorship maps (see Fig. 5 and 6), we have also
identified clusters of cooperating authors such as the cluster
headed by G. Scanniello and other Italian researchers, and
the cluster of authors with the T. U. of Madrid (N. Juristo,
0. Dieste and S. Vegas), which includes also cooperation with
other researches such as J. C. Carver, D. M. Fernandez, and
S. Abrahdo among others. Although the leading authors and
institutions change over time, it seems that most replications
in SE have been carried out by Italian and Spanish researchers
and institutions, without underestimating the relevant contri-
butions from Brazil and Germany.

With respect to the most cited studies, the first two ones are
papers presented at ICSE on automated techniques for defect
prediction models [65] and fault localization [130]. Remark-
ably, only three of the most prolific authors—G. Scanniello,
D. M. Fernandez and S. Abrahdo—are authors of four of
the studies in the top 10 most cited, whereas none of the
institutions housing the authors of [65], [130] are in the list
of leading institutions.

In previous reviews, the most addressed research topics
were requirements, construction, quality, design, testing, and
methods. In our review, the interest of researchers have
focused mainly on testing, requirements, and software con-
struction, all of them already present in [4], [7]. We have
also identified a clear research gap in replications in software
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engineering process, configuration management, and soft-
ware engineering economics. About empirical methods, there
is a clear trend from quasi—experiments in previous reviews
to controlled experiments in our SMS, where the combination
of testing and controlled experiment is the most frequently
found.

Regarding the evolution of the number of studies report-
ing replications, previous studies distinguished three periods,
1994-2003, 2004-2009 and 2010-2012, with an average
of 4.1, 11.7 and 24.3 replications per year. In 2013-2018,
137 studies were found in 6 years, i.e. an average of 22,8 per
year. In addition, some studies include more than one replica-
tion, so the average number could be greater. This represents a
clear increasing trend of the number of published replications
in SE in the period 2013-2018 when previous reviews are
considered.

As future work, we will study the impact of the only spe-
cific proposal, i.e. Carver’s guidelines [3], on the reporting of
replications. In particular, we will focus on how authors report
changes between original experiments and replications in
order to elaborate a proposal on how to specify such changes.
In the longer term, our intention is to integrate the proposal
with the experimental information repository eXemplar [38].

LABORATORY PACKAGE

The laboratory package is available at https://exemplar.us.es/
demo/CruzSMS2019 and includes the following items:
i) the search strings for the SCOPUS and WoS repositories,
so the queries can be reproduced; ii) a RIS file containing
the 137 primary studies; iii) instructions to generate the

26785



IEEE Access

M. Cruz et al.: Replication of Studies in Empirical Software Engineering: Systematic Mapping Study, From 2013 to 2018

co—authorship maps using VOSviewer and the aforemen-

tioned RIS file.

APPENDIX A
PRIMARY STUDIES

The 137 primary studies considered in the SMS presented in

[40]-[176] listed below.

APPENDIX B
OTHER CONFERENCES

Table 12 lists conferences in which only one replication study

has been presented in the 2013-2018 period.

TABLE 12. Conferences in which only one replication study has been

published in 2013-2018.

Conference name Acronym
International Conference on Product-Focused Software PROFES
Process Improvement

IEEE International Workshop on Machine Learning MaLTeSQuE
Techniques for Software Quality Evaluation

ACM Research in Adaptive and Convergent Systems RACS
Brazilian Symposium on Software Components, Archi- SBCARs
tectures and Reuse

IEEE International Conference on Software Engineer- ICSESS
ing and Service Sciences

International Conference on Software Testing, Verifica- ICST
tion and Validation

CM Joint European Software Engineering Conference ESEC/FSE
and Symposium on the Foundations of Software Engi-

neering

Working Conference on Reverse Engineering WCRE
Student Research Workshop at the Conference of the EACLSRW
European Chapter of the Association for Computational

Linguistics

Working IEEE/IFIP Conference on Software Architec- WICSA
ture

International Workshop on CrowdSourcing in Software CSI-SE
Engineering

International Workshop on Emerging Trends in Soft- WETSoM
ware Metrics

International Workshop on Conducting Empirical Stud- CESI
ies in Industry

Annual Conference on Innovation and Technology in ITiCSE
Computer Science Education

International Conference on Software Quality. The Fu- SWQD
ture of Systems and Software Development

CSI International Conference on Software Engineering CONSEG
IEEE International Conference on Software Mainte- ICSME
nance and Evolution

International Conference on Agile Software and Sys- XP
tems Development

IEEE International Working Conference on Mining MSR
Software Repositories

Winter Simulation Conference WSC
International Conference on Augmented Cognition. AC
Neurocognition and Machine Learning

IEEE Symposium on Computational Intelligence and CIDM
Data Mining

ACM Southeast 2018 Conference ACMSE
International Conference on Conceptual Modeling ER
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