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A B S T R A C T

Context: A growing number of researchers are investigating how Mining Software Repositories (MSR)
approaches can support software architecture activities, such as architecture recovery, tactics identification,
architectural smell detection, and others. However, as of today, it is difficult to have a clear view of existing
research on MSR for software architecture.
Objectives: The objective of this study is to identify, classify, and summarize the state-of-the-art MSR
approaches applied to software architecture (MSR4SA).
Methods: This study is designed according to the systematic mapping study research method. Specifically, out
of 2442 potentially relevant studies, we systematically identify 151 primary studies where MSR approaches are
applied to perform software architecture activities. Then, we rigorously extract relevant data from each primary
study and synthesize the obtained results to produce a clear map of reasons for adopting MSR approaches
to support architecting activities, used data sources, applied MSR techniques, and captured architectural
information.
Results: The major reasons to adopt MSR4SA techniques are about addressing industrial concerns like achieving
quality attributes and minimizing practitioners’ efforts. Most MSR4SA studies support architectural analysis, while
architectural synthesis and evaluation are not commonly supported in MSR4SA studies. The most frequently
mined data sources are source code repositories and issue trackers, which are also commonly mined together.
Most of the MSR4SA studies apply more than one mining technique, where the most common MSR techniques
are: (source code analysis, model analysis, statistical analysis), (machine learning, NLP). Architectural quality issues
and components are the mostly mined type of information.
Conclusion: Our results give a solid foundation for researchers and practitioners towards future research and
applications of MSR approaches for software architecture.

ontents

1. Introduction ...................................................................................................................................................................................................... 2
2. Study design...................................................................................................................................................................................................... 2

2.1. Goal and research questions .................................................................................................................................................................... 3
2.2. Search and selection ............................................................................................................................................................................... 3
2.3. Data extraction ...................................................................................................................................................................................... 4
2.4. Data synthesis ........................................................................................................................................................................................ 4

3. Overview of the selected primary studies............................................................................................................................................................. 5
4. Goals of mining software repositories to support software architecture (RQ1) ......................................................................................................... 5

4.1. Reasons of MSR4SA................................................................................................................................................................................ 5
4.2. Study types............................................................................................................................................................................................ 8
4.3. Architectural design activities.................................................................................................................................................................. 8

5. Data sources mined to support software architecture (RQ2) .................................................................................................................................. 8

∗ Corresponding author.
E-mail address: i.malavolta@vu.nl (I. Malavolta).
vailable online 12 February 2025
950-5849/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ttps://doi.org/10.1016/j.infsof.2025.107677
eceived 3 August 2024; Received in revised form 22 January 2025; Accepted 24 January 2025

https://www.elsevier.com/locate/infsof
https://www.elsevier.com/locate/infsof
https://orcid.org/0000-0002-6638-3732
https://orcid.org/0000-0001-5773-8346
https://orcid.org/0000-0003-3534-253X
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
https://doi.org/10.5281/zenodo.14614882
mailto:i.malavolta@vu.nl
https://doi.org/10.1016/j.infsof.2025.107677
https://doi.org/10.1016/j.infsof.2025.107677
http://creativecommons.org/licenses/by/4.0/


Information and Software Technology 181 (2025) 107677M. Soliman et al.

i
p
s
e

d

d
f
e
a
a
c

a
p

s
t

o
s
i

5.1. Studied systems...................................................................................................................................................................................... 10
6. MSR techniques to support software architecture (RQ3)........................................................................................................................................ 10
7. Architectural information mined from software repositories (RQ4)......................................................................................................................... 11
8. Discussion ......................................................................................................................................................................................................... 11

8.1. Implications for researchers..................................................................................................................................................................... 11
8.2. Implications for practitioners................................................................................................................................................................... 13

9. Limitations and threats to validity....................................................................................................................................................................... 13
10. Related work..................................................................................................................................................................................................... 13
11. Conclusion and future work................................................................................................................................................................................ 15

CRediT authorship contribution statement ........................................................................................................................................................... 15
Declaration of competing interest ........................................................................................................................................................................ 15
Data availability ................................................................................................................................................................................................ 15
References......................................................................................................................................................................................................... 15
Primary studies.................................................................................................................................................................................................. 16
a
p
p
c

t

s
r
o

e

1. Introduction

Mining software repositories (MSR) is concerned with ‘‘uncovering
nteresting and actionable information about software systems and
rojects using the vast amounts of software data such as source control
ystems, defect tracking systems, code review repositories’’.1 Software
ngineering researchers mine software repositories to support different

development tasks, such as analyzing requirements, making design
decisions, fixing bugs, and testing.

Some of the development tasks are concerned with Architectural
Design Activities (ADAs), which software developers perform to make
esign decisions (e.g., structuring the system into multiple layers, se-

lecting technologies, detecting architectural smells). Hofmeister et al.
defined three common ADAs [1]: (1) architectural analysis: software
evelopers identify significant requirements, such as the main software
eatures or quality attributes (e.g., security or performance). To this
nd, they interact with stakeholders and analyze documents as well
s source code; (2) architectural synthesis: software developers identify
rchitectural solutions to fulfill the requirement, such as the design of
omponents, technologies to be employed, or architectural tactics [2].

Therefore they re-use their knowledge and search for architectural solu-
tions, e.g., in the Web or in developer communities; and (3) architectural
evaluation: software developers validate the proposed architectural so-
lutions against the identified requirements. The goal of researchers in
the software architecture field is to support software developers in
performing ADAs.

Recently, software architecture (SA) researchers are proposing ap-
proaches to utilize MSR to support software developers in performing
ADAs, we call these MSR4SA approaches (e.g., [P1,P2,P3]). These
approaches mean to support researchers and practitioners in extracting
architecturally-relevant information from large and complex software
repositories. For example, source code analysis and machine learning
have been applied to automatically capture architectural design deci-
sions from source control and issue tracking systems [P4,P5]. Software
rchitects can re-use the captured design decisions from [P4,P5] to
erform the architectural synthesis ADA. In another study, multiple

versions of source control repositories have been analyzed and com-
pared for tracking architectural smells and their impact on the overall
ystem quality [P6]. Software architects can use the approach from [P6]
o identify quality requirements when performing the architectural

analysis ADA.
While software architecture researchers have recently been propos-

ing MSR4SA approaches, there is neither a comprehensive overview
f MSR4SA approaches, nor an overview about when and how re-
earchers develop MSR4SA approaches. The main reasons for such
mpediments are: (i) the landscape on MSR4SA approaches is extremely

1 Call for papers of MSR 2025: https://conf.researchr.org/home/msr-2025.
2

heterogeneous and (ii) MSR and software architecture are two sep-
rate communities, with a relatively small intersection in terms of
ublication venues. In consequence, it is difficult for researchers and
ractitioners to have a good overview of MSR4SA approaches, of their
haracteristics, and of the specific context in which they can be applied.

The main goal of this study is to identify, classify, and summarize
he state of the art on MSR4SA approaches. By achieving this goal, we

provide the first comprehensive view on the current state of the art for
applying MSR techniques to support software architecture.

We carry out a systematic mapping study [3], where we first con-
sider the proceedings of the top-tier publication venues dedicated to
the MSR and SA research areas (i.e., MSR, ECSA, ICSA) across all their
editions, resulting in a set of 387 potentially-relevant studies. Then, we
systematically apply a rigorously defined selection procedure, which
leads to a starting set of 66 primary studies. From the starting set,
we conduct a forward and backward snowballing, which results in an
additional 2055 non-duplicate studies (i.e., a total of 2442 studies).
After applying the same systematic selection as for the starting set, we
select 85 additional studies, summing up to a total of 151 included
primary studies. Then, we define a data extraction form for cate-
gorizing MSR4SA approaches and collaboratively apply it to each of
the 151 primary studies. Finally, we synthesize the obtained data into
a clear map of the MSR4SA state of the art. The map includes: the
goals for adopting MSR techniques to support software architecture,
used data sources, applied MSR techniques, and captured architectural
information.

This study’s contributions are: (i) evidence-based maps of the goals,
data sources, MSR techniques, and types of architectural information
considered in MSR4SA approaches; (ii) a discussion of the obtained
map in terms of implications for both researchers and practitioners; (iii)
the replication package of the study for independent verification and
replication [4].

The target audience of this study includes primarily researchers
who are working at the intersection of MSR and SA (i.e., MSR4SA
researchers). Researchers can use our maps to position their own
studies and identify promising research gaps to be filled in their future
tudies. Practitioners can use our maps as well, mainly as a catalog of
esearch-rooted MSR4SA approaches which might be applied in their
wn projects and organizations.

2. Study design

This study is carried out according to established guidelines on
mpirical software engineering [5] and systematic mapping studies [3].

As shown in Fig. 1, the study is designed around four main phases [5]:

• Phase 1 comprises planning the study; specifically, we firstly
produce a precise definition of MSR4SA (see Section 1), then we
define the goal and research questions of the study (Section 2.1),
and finally, we create a plan for carrying out all the other ac-
tivities of this study (they are described in the remainder of this

https://conf.researchr.org/home/msr-2025


Information and Software Technology 181 (2025) 107677M. Soliman et al.
Fig. 1. Our study comprises four phases: (1) planning, (2) search and selection, (3) data extraction, and (4) data synthesis.
section). To mitigate potential threats to validity, the plan has
been iteratively discussed among the authors and defined a priori,
before proceeding with the other phases of the study.

• Phase 2 aims at identifying a set of representative studies on
MSR4SA (Section 2.2). Therefore, in this phase, we apply our
search terms to the selected databases and apply criteria for
inclusion and exclusion of articles.

• Phase 3 deals with the creation and the continuous refinement of
a data extraction form to compare the selected primary studies
(Section 2.3). For this, we designed a data extraction form and
applied it to the articles that advanced to this phase. During this
phase, further articles may be eliminated from the final corpus.

• Phase 4 is the thematic analysis:, in which we analyze the data
quantitatively and qualitatively, which leads to answers for the
research question (Section 2.4).

A replication package is publicly available [4] for independent repli-
cation and verification of the study. The replication package includes
the raw data of our search and selection phase, the list of selected
primary studies, the raw data extracted from each primary study, and
the themes extracted during the thematic analysis.

We assessed the quality of this study according to the checklist
proposed by Petersen et al. [3]. The checklist contains the main features
of an ideal systematic mapping study and proposes a scoring system
based on the ratio of the number of features covered by a given study
and the total number of features in the checklist. This study achieves
a score of 52%, exceeding both the median (33%) and the maximum
(48%) scores reported in the tertiary study by Petersen et al. [6].

2.1. Goal and research questions

According to the GQM (goal question metric) template proposed
by Basili et al. [7], the goal of this study can be characterized as
in Table 1. After the study goal, we identified the following four
research questions, each dealing with a specific type of characteristics
of MSR4SA approaches.
RQ1: Why do researchers mine software repositories to support software
architecture?

This research question aims to elicit the goals motivating the us-
age of MSR to support SA. Indeed, as it emerged in our study, SA
researchers mine software repositories to achieve various goals, such as:
for extracting architecturally-relevant information (e.g., capturing ar-
chitectural knowledge), for solving well-known challenges in applying
empirical research in the SA field (e.g., extensive manual effort), and
to support certain ADAs [1] (i.e., architectural analysis, synthesis, and
evaluation). Answering this RQ can help SA researchers in determining
when to mine software repositories, and for which specific activities.
Moreover, the answer to this RQ helps in identifying possible research
gaps and future work.
RQ2: Which data sources are mined to support software architecture?

Software repositories can be used for different purposes and can
contain different types of data, e.g., GitHub repositories contain source
code over multiple versions, Jira boards contain issues, feature re-
quests, and bugs, and mailing lists contain developers’ discussions.
3

Table 1
GQM definition.
Purpose Identify, classify, and summarize
Issue the characteristics
Object of existing MSR4SA approaches
Viewpoint from the researcher’s and practitioner’s point of view

Answering this RQ allows us to build a map of the different data
sources mined for SA. Moreover, we also cross-check how the identified
data sources support different goals, activities, and mining techniques.
Our results support researchers in (i) making better-informed decisions
about which data sources to use for their specific goal, and (ii) identi-
fying promising data sources that have not yet been used for specific
software architecture activities.
RQ3: Which mining techniques are applied to support software architecture?

Mining software repositories requires using several analysis tech-
niques such as natural language processing [8], source code anal-
ysis [9], and statistical methods [10]. This RQ aims to determine
common analysis techniques used by researchers for mining software
repositories to support architectural activities. Answering this RQ sup-
ports both (1) software architecture researchers and practitioners in
identifying those techniques that have been successfully applied in the
context of software architecture, and (2) MSR researchers in identifying
promising avenues for improving MSR techniques.
RQ4: Which architectural information is mined to support software archi-
tecture?

MSR techniques allow researchers and architects to capture differ-
ent types of information (e.g., architectural components, design deci-
sions, patterns, and architecture guidelines). This RQ aims to deter-
mine the types of information which have been successfully mined to
achieve architecturally-relevant goals. Answering this RQ supports SA
researchers who need to position their work with respect to the state of
the art. Also, it supports practitioners via a map of MSR4SA approaches
to extract the architectural information they need in their own projects
and organizations.

2.2. Search and selection

To answer our research questions, it is important to search and
select a representative sample of MSR4SA studies [3,5]. Our search and
selection procedure is based on a combination of (1) manual search on
DBLP (the Proceedings collection step in Fig. 1), (2) a manual selection
of the primary studies according to well-defined criteria (the Studies
collection step in Fig. 1), and (3) backward/forward snowballing (the
Snowballing step in Fig. 1).

As shown in Fig. 1, the first step of our search and selection phase
is the proceedings collection, where we download all publications from
the proceedings of all targeted conferences. The venues we selected
for this study are: the Mining Software Repositories conference (MSR),
the International Conference on Software Architecture (ICSA), and the
European Conference on Software Architecture (ECSA). Each selected
venue is centered on either the MSR or SA research fields and has high-
quality publications (all venues are ranked A in the CORE Conference
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Ranking [11]). Our focus on a representative set of publication venues
is mainly due to the lack of unified vocabulary among the MSR4SA
publications, which makes it challenging to build up a complete and
orrect search query to identify MSR4SA papers. We verified such phe-

nomenon through pilot searches, where we aimed to identify suitable
search keywords using the PICO (Population, Intervention, Compari-
son, Outcomes) method [12]. In those searches (i) the term MSR does
ot commonly occur in most of the identified MSR4SA papers and
ii) researchers tend to use a wide variety of terms regarding their

goals (e.g., mitigate architecture erosion), the mined sources (e.g., Stack
Overflow), and mining techniques (e.g., machine learning). Moreover,
applying the SSSMS method is a natural choice for our study since there
are research venues that are very much focused on either MSR or SA.
These venues provide a controllable and highly precise population from

hich we can sample our primary studies with relatively low effort.
We consider all editions of MSR (i.e., from 2004 to 2023), all

editions of ICSA (i.e., from 2017 to 2023), and all editions of ECSA
(i.e., from 2007 to 2023). For the sake of completeness, we consider
also former versions of ICSA, namely: WICSA, QoSA, and CBSE. In total,
we obtained 387 potentially-relevant studies from the selected venues.

The second step of phase 2 is the studies selection, where we manu-
lly consider each of the 387 potentially-relevant studies and rigorously
ssess whether it is an MSR4SA study. Following the guidelines for
ystematic literature review for software engineering [12], we define a
 priori a set of inclusion and exclusion criteria to reduce the likelihood
f bias. We defined the following inclusion criteria:

• The study supports at least one ADA [1]: architectural analysis (e.g.,
identify requirements), or architectural synthesis (e.g., identify
tactics), or architectural evaluation (e.g., evaluate performance).

• The study mines a software repository : This can be either a single
software system with many source code versions, or many soft-
ware systems with one or more versions. Moreover, a software
repository can include one or more of the following reposito-
ries: issue tracking systems, developers’ communities (e.g., Stack
Overflow), and other natural language resources such as docu-
mentations and web pages.

Moreover, we defined the following exclusion criteria:

• The study supports other development tasks (e.g., fixing bugs or
testing), and does not support ADAs.

• The study does not apply MSR (e.g., it is based on interviews or
surveys).

• The study performs a case study on a single version of an appli-
cation or uses toy examples to evaluate an approach.

• The study does not provide any information about the mined
software repositories (e.g., number of systems, their versions,
sizes, etc..).

A study is selected if it satisfies all inclusion criteria and none of the
xclusion criteria. The potentially relevant studies are rigorously exam-
ned by adopting multiple selection rounds and the adaptive reading

depth method [3]. Specifically, the selection is conducted in three
teps by the first and third authors of this paper. First, one of them
dentifies candidate MSR4SA studies in ICSA and MSR, while the other
dentifies candidate MSR4SA studies in ECSA. During this step, each
tudy is evaluated as follows: the title of the study is examined, then

the abstract is inspected, and finally, the full text is considered to ensure
that only the studies relevant for answering the research questions are
selected. Second, the researchers switch their roles such that the first
one evaluates the ECSA publications and the second one evaluates the
ICSA and MSR publications. Similar to the first step, here they also
apply the adaptive reading depth method. Third, differences in clas-
ifications between both researchers are discussed and full agreement
n the papers selected has been established, with the help of the second

author acting as arbiter. As a result, we identified 66 MSR4SA papers
4

n

from the three selected venues: ICSA (39), MSR (15) and ECSA (12).
In the last step of our search and selection phase, we carry out back-

ward and forward snowballing. The reasons for adding the snowballing
hase are (1) to widen the scope of our search so to include potentially-
elevant studies published in venues different from those we consider in

the manual search on DBLP [13] and (2) to benefit from the advantages
f the individual search processes (as suggested by Petersen et al. in
015 [6] and Mourao et al. in 2020 [14]). Specifically, we perform

a closed recursive backward and forward snowballing procedure [15].
Practically, we analyze each of the 66 studies selected in the manual
search on DBLP and we collect all studies either cited by or citing it
(based on Google Scholar) [15]. This collection step leads to 2055 ad-
ditional potentially-relevant studies. Then, we apply the same selection
procedure (and criteria) discussed in the previous paragraph to each of
the newly-collected studies. We apply snowballing recursively, meaning
that if a study is included, snowballing is applied iteratively until no
new studies are found. Duplicates are removed at each iteration of the
snowballing activity. The application of the snowballing procedure led
to the selection of 85 additional primary studies, leading to the final
set of 151 primary studies considered in this work.

2.3. Data extraction

In this phase, we manually collect data from each primary study,
then classify them in the subsequent data synthesis phase. The data
extraction phase is performed collaboratively by the first two authors
of this study. To have a rigorous process and to ease the extracted data
management, we design a well-structured data extraction form upfront.

Table 2 gives an overview of the data extraction form and the
covered research questions, as defined in Section 2.1. The first three
data items are used for building the demographics about the publication
rends of the selected MSR4SA studies (see Section 3). To extract the

rest of the data items, we apply a process inspired by the thematic
analysis method [16]. Specifically, first two authors of this study extract
textual segments from the MSR4SA papers and define themes, while the
third author resolves conflicts and reviews the identified themes. We
chose thematic analysis as architectural information can be strongly
dependent on project-specific and system-specific characteristics and
thematic analysis cope well with context-dependent data [17].

We applied the thematic analysis in two main rounds:
(1) Preliminary extraction and themes identification: In this step, the first
two authors of this study analyze 20 randomly-selected primary studies
to ensure agreement on the data items and their overall themes. Each
author analyzes the primary studies independently, identifies relevant
textual segments, and defines themes for each data item. Then, they
discuss their findings to reconcile differences and determine common
themes for each data item. Disagreements between them are discussed
ogether with the third author. Moreover, the third author reviews the
ata items and the emerging themes to ensure that they are well-formed
nd clearly defined.
(2) Full data extraction: Based on the defined data items and their
hemes, the two authors analyze the rest of the primary studies. New
hemes can emerge from this, which are recorded and discussed to
nsure consistency between them. All the resulting themes are ex-
lained in Sections Section 4, 5, 6, and 7. Each theme is supported with

examples from the primary studies. The full map of primary studies to
the themes is provided online [4].

2.4. Data synthesis

The data synthesis phase involves collating and summarizing the
data extracted from the primary studies [12] with the main goal
of understanding, classifying and summarizing current research on

SR4SA approaches. It is performed by all of the researchers of this
tudy. Specifically, we perform a combination of content analysis and

12]. The content analysis consists in a quantitative
arrative synthesis [
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Table 2
Information extracted from the articles selected during phase 3.

Item Description RQ

Year Publication year –
Venue Publication conference –
Title The title of the paper –
Reason The reasons of applying MSR techniques RQ1
Study type The type of empirical study (either exploratory or evaluation [18]) RQ1
Architectural activity The supported architectural design activity: analysis, synthesis, and evaluation [1] RQ1
Data-source type Types of mined data source (e.g., version control, issue tracker, StackOverflow) RQ2
Mining techniques The applied mining techniques (e.g., source code analysis, machine learning) RQ3
Mined architectural information The mined architectural information from software repositories (e.g., architectural smells, architectural

knowledge)
RQ4
Fig. 2. Number of primary studies per year.

assessment of the extracted data (e.g., the frequency of approaches
targeting Stack Overflow compared to those targeting GitHub reposito-
ries), while narrative synthesis refers to the systematic method where
a textual narrative summary is adopted to (1) explain the quantitative
information emerging from the content analysis, and (2) identifying
emerging patterns and trends [12]. We group the results of our data
synthesis phase according to the research questions of the study and
include in our analysis. Then, we used contingency tables to identify
interesting co-occurrences across the considered data items.

3. Overview of the selected primary studies

In this section, we provide an overview of the primary studies
selected in this research. Fig. 2 illustrates the distribution of the se-
lected primary studies over the years, which among others helps us to
understand the historical development of the field and the interest of
the Software Engineering community on it. The first primary study in
our dataset was published in 2004 [19], where the authors propose a
mechanism for formulating metrics-based rules that capture deviations
from good design principles. Then, we observe in the graph a trend of
at least 1 primary study on MSR4SA per year. The number of primary
studies starts to increase considerably in 2012, from when we observe
at least 6 publications per year. We can also observe a higher number
of primary studies from 2019 to 2021 (counting 21, 17, and 27 primary
studies each year, respectively), which is the period where MSR for SA
publications reached their peak. Furthermore, in the subsequent years,
the number of primary studies decreased considerably, summing to 11
primary studies in 2022 and only 4 primary studies in 2023. This may
indicate a mature state of such a research method, or simply a lack
of interest from the Software Engineering community, which can be
confirmed with further observations in the next years.

Fig. 3 illustrates as a word-cloud the most frequent terms used in the
titles of the primary studies, providing an overview of the research
topics considered in the MSR4SA studies. Given the essence of this
study, some terms in the front of the cloud are expected to be frequent,
such as architecture, software/system, analysis and design. Other frequent
terms are more related to the essence of the study. For instance, smells
5

Fig. 3. Recurrent terms in the titles of the primary studies.

refers to the type of observation (i.e., to identify architectural/code
smells), code refers to source code repositories, while evolution are
usually related to identifying architectural decay/erosion.

Table 3 lists all the venues ranked by the number of primary studies,
indicating the potential targets for MSR4SA publications. The first four
venues sum up together 66 publications, which corresponds to 43.7%
of the total, and are indeed the ones with a higher correlation with
this paper research subject. The other 57.3% of the primary studies
can be separated into two groups of venues: (1) the ones with more
than 1 paper (37.74%), which recurrence indicates a target venue for
MSR4SA, and (2) the ones with only one paper published (18.56%),
not consider as a potential target venue for this sort of research. We
also observe that most of the venues are conferences (76.15%), while
three high-impact Software Engineering journals (i.e., EMSE, JSS, and
TSE) can also be considered as a target venue, grouping most (75%) of
journal publications.

4. Goals of mining software repositories to support software ar-
chitecture (RQ1)

For answering RQ1 we extracted the reasons for applying MSR
techniques to support software architecture (Section 4.1), the type of
study (Section 4.2), and the supported architectural design activity
(Section 4.3).

4.1. Reasons of MSR4SA

Fig. 4 shows that MSR techniques are applied to support soft-
ware architecture tasks for several reasons, ranging from achieving
quality attributes (e.g., [P7,P8,P9,P10,P11]) to the establishment of
a ground truth for an empirical study (e.g., [P4,P12]). Our thematic
analysis reveals three main overarching groups of reasons for apply-
ing MSR techniques to support architecture: address industrial concerns
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Table 3
List of venues ranked by the number of papers (* acronym suggested by the authors).

Venue Type Acronym # Papers

International Conference on Software Architecture Conference ICSA 26
Mining Software Repositories (MSR) Conference Conference MSR 15
Working International Conference on Software Architecture Conference WICSA 13
European Conference on Software Architecture Conference ECSA 12
Empirical Software Engineering Journal EMSE 8
International Conference on Software Engineering Conference ICSE 8
Journal of Systems and Software Journal JSS 7
Transactions on Software Engineering Journal TSE 7
International Conference on Software Maintenance and Evolution Conference ICSME 4
Conference on Software Maintenance and Reengineering Conference CSMR 4
Working Conference on Reverse Engineering Conference WCRE 3
International Symposium on Software Reliability Engineering Conference ISSRE 2
International Symposium on Empirical Software Engineering and Measurement Conference ESEM 2
Automated Software Engineering Conference ASE 2
International Conference on Program Comprehension Conference ICPC 2
Science of Computer Programming Journal SCICO 2
Brazilian Conference on Software Conference SBES 2
Symposium On Applied Computing Conference SAC 2
Journal of Software: Evolution and Process Journal JSEP* 2
International Conference on Evaluation and Assessment in Software Engineering Conference EASE 1
Aspect-Oriented Software Development Conference AOSD 1
International Workshop on Bringing Architectural Design Thinking Into Developers’ Daily Activities Conference BRIDGE 1
International Symposium on Systems Engineering Conference ISSE 1
International Conference the Quality of Software Architectures Conference QoSA 1
Journal of Software: Evolution and Process Journal JSEP 1
Euromicro Conference Series on Software Engineering and Advanced Applications Conference SEAA 1
Concurrency and Computation: Practice and Experience Journal CPE 1
International Conference on Software Quality, Reliability and Security Conference QRS 1
International Conference on Web Services Conference ICWS 1
Asia-Pacific Symposium on Internetware Conference Internetware 1
International Workshop on Establishing the Community-Wide Infrastructure for Architecture-Based Software
Engineering

Conference ECASE 1

Congreso Bienal de Argentina Conference ARGENCON 1
SN Computer Science Journal SNCS* 1
Asia-Pacific Software Engineering Conference Conference APSEC 1
Informatics and Intelligent Applications Journal ICIIA 1
Americas Conference on Information Systems Conference AMCIS 1
International Working Conference on Variability Modeling of Software-Intensive Systems Conference VAMOS 1
Frontiers of Information Technology & Electronic Engineering Journal FITEE 1
Security & Privacy Journal MSP 1
International Conference on Computer Systems and Applications Conference AICCSA 1
International Conference on Open Source Systems Conference OSS 1
International Conference on Engineering of Complex Computer Systems Conference ICECCS 1
International Conference on Web Engineering Conference ICWE 1
Joint European Software Engineering Conference and Symposium on the Foundations of Software
Engineering

Conference ESEC/FSE 1

International Conference on Software Analysis, Evolution and Reengineering Conference SANER 1
Conference on Reconciling Data Analytics, Automation, Privacy, and Security Conference RDAAPS 1
Systems Engineering Journal SYS 1
Fig. 4. The number of studies for each MSR4SA reason for exploratory and evaluation studies.
(138/151), facilitate architecturally-relevant tasks (91/151), and facilitate
empirical research (17/151).

Address industrial concerns. The majority of MSR4SA studies
(138/151) are motivated by specific industrial concerns, i.e., factors
6

which influence software engineers making architectural design deci-
sions. These concerns could be project constraints (e.g., adopting certain
development processes), important quality attribute requirements (e.g.,
maintainability), or contextual constraints, such as the fast evolution
of technologies.
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∙ Achieve quality attributes (47/151) — Researchers follow two
main strategies to support achieving quality attributes (e.g., re-usability
P13], maintainability [P14], and interoperability [P15]). First, captur-

ing architectural solutions (e.g., patterns [P13] and tactics [P3]) from
oftware repositories (e.g., from source code repositories [P16,P3] or
ocumentation [P13]) supports architects in quantifying and keeping
rack of the overall quality of their system. Second, MSR techniques
re used to identify quality issues (e.g., architectural smells [P17] or

violations [P18]) in software repositories.
∙ Minimize practitioners’ efforts and costs (41/151) — Practitioners’

fforts incur financial costs, which managers try to minimize. For
nstance, trying to manually document the architecture of an exist-
ng system is an expensive activity [P19]. Moreover, evaluating, and
efactoring the software architecture of a software system requires

significant efforts from various stakeholders [P20]. To save these ef-
orts, researchers apply MSR techniques, which can automate part of
ractitioner tasks (e.g., via automatic refactoring tools [P21]).
∙ Cope with architectural and technological evolution (32/151) —

The fast pace of architectural and technological evolution presents
a challenge for practitioners [P22]. This is due to the introduced
omplexity and limitations of different architectural solutions (e.g.,
EST [P15], microservices [P23]). To reduce complexity for practition-

ers,
researchers apply MSR techniques to automatically identify and resolve
architectural issues (e.g., architectural violations [P21]) and capture
architectural knowledge (e.g., architectural tactics [P3]).

∙ Support software development process (18/151) — Software pro-
esses (e.g., agile process [P10], incremental development [P24], and
7

maintenance activities [P12]) have a big influence on the cost and qual-
ity of software systems. For instance, agile processes enforce developers
o continuously refactor software architectures [P25]. To facilitate this

task, in [P24] researchers propose solutions where MSR techniques are
applied to determine the costs and benefits of architectural refactoring.
Moreover, development processes might enforce using different tools
(e.g., backlogs and issue trackers in agile). This makes architectural
knowledge scattered in different sources. Thus, MSR4SA studies capture
architectural knowledge (e.g., [P5]) from different sources.

Facilitate architecturally-relevant tasks. The second reason for ap-
plying MSR techniques is to facilitate conducting certain
architecturally-relevant tasks (91/151), specifically:

∙ Identify and resolve architectural quality issues in existing systems
(42/151) — As software systems evolve, software engineers might
make sub-optimal design decisions or provide limited maintenance
efforts. This could lead to architectural issues such as knowledge va-
porization [P5], security issues (e.g., vulnerabilities [P26], and archi-
tectural erosion symptoms (e.g., architectural smells [P27] and viola-
tions [P21]). Tackling these issues requires applying MSR techniques
to identify and resolve issues (e.g., through refactoring [P21]).

∙ Capture architectural knowledge (25/151) — MSR4SA studies apply
SR techniques to capture architectural knowledge, such as reusable

architectural solutions (e.g., architectural patterns [P13] or tactics
[P3]), as well as design decisions extracted from existing systems [P5].
Capturing architectural knowledge depends mostly on textual data
sources, such as documentation [P13,P28], Stack Overflow [P22,P29],
and issue tracking systems [P5].
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∙ Extract architectural descriptions (24/151) — To support main-
taining and analyzing a software system, MSR4SA studies apply MSR
techniques on software repositories to recover the software architecture
of existing systems [20]. In the analyzed MSR4SA studies, the extrac-
tion of architectural descriptions involves using architectural recovery
techniques on source code repositories to capture the evolution of
architectural components and dependencies [P4], as well as using other
sources such as issue tracking systems [P4] or practitioners [P12] to
apture the rationale of design decisions.

Facilitate empirical research. Software architecture researchers face
challenges to apply empirical methods (e.g., manual efforts to ana-
yze big systems). These challenges are tackled by some researchers
sing MSR techniques (17/151). We identified the following reasons
o facilitate empirical research using MSR techniques:

∙ Reduce researchers manual effort (13/151) — To conduct studies,
researchers might be required to spend considerable efforts to manually
analyze data (e.g., manually classifying architectural issues [P5]). These
efforts could be significant and might not be feasible in a limited
research budget or time constraints . Thus, researchers in MSR4SA
studies apply MSR techniques (e.g., information retrieval [P30]) to
ave researchers’ efforts and time. For instance, applying information
etrieval to create a training data set for architectural tactics [P30], or
eveloping shared infrastructure [P31].
∙ Establish ground truth (4/151) — The lack of architectural doc-

umentation and rationale of design decisions make it challenging to
evaluate proposed approaches (e.g., conformance checking) against a
commonly-accepted ground truth. Moreover, it is challenging to ac-
cess the architects of the systems. Therefore, researchers apply MSR
techniques to identify the ground truth of software architecture. For
example, Garcia et al. [P12] applied multiple architecture recovery
techniques on source code, and mined architectural documentations to
recreate the ground truth of architecture.

Fig. 5 shows the co-occurrences between the reasons of MSR4SA
studies (i.e., address industrial concerns, facilitate architecturally-rele-
vant tasks, and facilitate empirical research). We can observe that the
majority of MSR4SA studies target more than one goal. Moreover,
oals of different types (e.g., facilitate architecturally-relevant tasks and
ddress industrial concerns) co-occur often. We can interpret this phe-
omenon that the goals of MSR4SA studies are rather intertwined. On
he one hand, MSR4SA studies aim to achieve practitioners’ industrial
oncerns. On the other hand, they aim to facilitate empirical research.

4.2. Study types

Fig. 4 shows that the majority of MSR4SA studies are evaluation
tudies. This indicates that MSR4SA researchers are keen to propose

solutions for practitioners. On the one hand, most reasons of MSR4SA
studies (e.g., identify and resolve architectural quality issues) lead to
valuation studies. On the other hand, achieving quality attributes and
apturing architectural knowledge rely on both types of studies (i.e.,

exploratory and evaluation). This choice between exploratory or eval-
ation studies might be related to the maturity of existing approaches.
or example, approaches for capturing architectural knowledge could
e still immature to be used by practitioners. Thus, researchers con-
uct exploratory studies to have a better understanding of this task.
onversely, approaches to identify and resolve architectural quality

ssues have industrial tools (e.g., Structure101 and Designite). Thus,
esearchers tend to propose and evaluate new approaches.

4.3. Architectural design activities

Fig. 6 shows the architectural activities explicitly considered by the
primary studies. Architectural analysis is significantly the most consid-
ered activity in MSR4SA studies, and co-occurring with identify and
resolve architectural quality issues and extract architectural description
tasks.
8

At the second place comes architectural synthesis, which co-occur
ith capturing architectural knowledge task. At the least comes architec-
ural evaluation, which co-occur with industrial concerns like achieving
uality attributes. These results show that architectural synthesis and
valuation require further support from researchers when applying
SR techniques.

RQ1 takeaways: ∙ MSR4SA studies tend to be mostly mo-
tivated by a combination of reasons of different types (see
Fig. 5). The major reasons to adopt MSR4SA techniques are
about addressing industrial concerns, such as achieving quality
attributes and minimizing practitioners’ efforts (see Fig. 4). Fa-
cilitating empirical research, e.g., achieving generalizability, are
the least mentioned reasons. ∙ MSR4SA architectural tasks are
different in terms of the study type (i.e., exploratory or eval-
uation studies). Studies for capturing architectural knowledge
are both exploratory and evaluation studies, while studies for
extracting architecture description are mostly evaluation studies.
∙ Most MSR4SA studies support architectural analysis, while
architectural synthesis and evaluation are rarely supported
(see Fig. 6).

5. Data sources mined to support software architecture (RQ2)

Our analysis reveals that MSR4SA researchers are mining a plethora
f data sources to support software architecture. We identified the
ollowing main data sources:

∙ Source code repositories (98/151) such as in version control systems
e.g., Github), which contain the history of source code changes across
ultiple versions of a system. Source code repositories are commonly
ined to identify architectural quality issues (e.g., smells [P6] or vul-

nerabilities [P26]), to extract architectural descriptions (e.g., through
clustering classes [P4,P12]), or to capture architectural knowledge (e.g.,
design decisions [P32] or tactics [P3]).

∙ Issue tracking systems (43/151) (e.g., Jira) are used for issue
tracking and project management tasks (e.g., new features, fix bugs).
They are commonly mined to capture the rationale of design decisions
(e.g., [P5,P4]), or to determine correlations between architectural
changes and bugs (e.g., [P16,P27,P6]), or to identify suitable team
members for making design decisions [P33].

∙ Architectural documentation (22/151) is commonly analyzed to
capture architectural solutions (e.g., patterns [P13], tactics [P3] or ar-
hitectural components [P12]). These studies aim to support achieving

re-usability of solutions (e.g., [P13,P3]), and to support architectural
program comprehension (e.g., [P12]).

∙ Stack Overflow (12/151) is one of the most popular software
orums in industry, and is commonly analyzed in academia. Stack
verflow discussions are commonly analyzed to capture architectural
nowledge (e.g., [P22,P29,P23,P34]). Moreover, Stack Overflow is an-
lyzed to understand practitioners’ perspective of architectural smells

[P35].
∙ Requirements (6/151) are usually analyzed to support architec-

tural analysis design activities [1]. For instance, the authors of [P36]
analyze the correlation between requirements, architectural compo-
nent changes, and the results of test cases. Moreover, requirements
tend to be analyzed to understand the architectural analysis process
e.g., [P37]), and to automatically identify architecturally significant

requirements (e.g., [P10]).
∙ The Web (5/151) is searched using keywords searching (i.e., infor-

ation retrieval) to find architectural knowledge such as architectural
tactics [P30] and patterns [P38]. The Web is usually mined to find
architectural knowledge for specific tasks (e.g., [P2]), or to find archi-
tectural knowledge for specific domains (e.g., architectural guidelines
for mobile apps [P39]).
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Fig. 6. Distribution of covered design activities, and the goal of their corresponding MSR4SA approaches.
Fig. 7. Co-occurrences of data sources in MSR4SA studies. The diagonal counts data sources without any co-occurrences.
Fig. 8. Co-occurrences of data sources with architectural tasks in MSR4SA studies.

∙ Code review platforms (5/151) are software tools or services de-
signed to facilitate the process of reviewing code changes made by
developers. This is the case of GitHub/GitLab review tooling (e.g., [21–
23]), and ML-based reviews (e.g., [P40]).

∙ Other data sources (21/151) are vulnerability reports (4/151)
(e.g., [P26]), API specifications (3/151) (e.g., [P41]), system logs
(3/151) (e.g., [P42]), performance logs (2/151) (e.g., [P11]), formal
architectural models (2/151) (e.g., [P21]), technology documentations
(1/151) (e.g., [P28]), meeting protocols (1/151) (e.g., [P37]), test cases
(1/151) (e.g., [P36]), and build traces (1/151) (e.g., [P43]).
9

Fig. 7 shows co-occurring data sources for the MSR4SA studies. We
can observe that most of the MSR4SA studies mine a single data source,
where source code repositories are the mined data source in most
of the cases, followed by issue tracking systems and Stack Overflow.
However, architectural documentation and requirements are mostly
mined with other data sources like source code repositories or issue-
tracking systems. Moreover, mining both, source code repositories and
issue tracking systems, is the most common co-occurrence among data
sources. On the other hand, unstructured textual data sources (i.e.,
issue tracking systems, Stack Overflow, requirements, architectural
documents, and the Web) are rarely mined together. This might be due
to the complexity and effort required to mine unstructured textual data
sources.

Fig. 8 outlines the distribution of data sources for architectural
tasks. The two most common data source (i.e., source code repositories
and issue tracking systems) are used for the three architectural tasks, and
their usage is also equally ranked, i.e., identify and resolve architectural
quality issues in existing systems, extracting architectural descriptions, and
capture architectural knowledge task. This indicates a correlation in the
purpose of such data sources, which is also corroborated by their co-
occurrences in 31 studies (Fig. 7). Stack Overflow and architectural
documentations only contribute with the first two architectural tasks,
with a higher occurrence in capturing architectural knowledge studies.
The web, code review platforms, and requirements play minor roles and
distinguish each other in purpose, while the web and requirements are
never used for the identify and resolve architectural quality issues in
existing systems task, code review platforms is only used for that specific
task.



Information and Software Technology 181 (2025) 107677M. Soliman et al.

c
w
a
w
A

t
f
C

(
n
a
T
s

s

Fig. 9. Case study systems mined from more than one data source.
5.1. Studied systems

MSR4SA studies are usually based on specific software systems as
ase studies. In this mapping study, we identify 354 different soft-
are systems, with generic systems being grouped by category, such
s: Industry groups commercial software, GitHub groups public soft-
are repositories, Google Code groups projects in Google Codelab, and
pache groups generic projects by Apache Foundation.

Out of the 354 different software systems, 94 have their architec-
tures mined from more than one data source, illustrated in Fig. 9. In
he figure, we observe that 14 systems stand out as case studies mined
rom at least 10 data sources: Hadoop (35), Industry (31), Camel (25),
XF (23), Cassandra (19), PDFBox (18), OpenJPA (17), Wicket (16),
HBase (15), Avro (13), Lucene (12), GitHub (12), Struts (12), and Derby
10). Hadoop and Industry are the the systems studied from the greater
umber of data sources, counting more than 30 data sources each, and
re among the more plural ones, mined from the three data sources.
he figure also shows what was discussed in the previous section, with
ource code repository as the most common data source, followed by
issue-tracking system, while architectural documentation is only used in a
few studies.

Other 260 systems are objects of architecture study by mining a
ingle data source type. Among them, 41 are present in more than one

paper, while most of them (219/260) are only considered in a single
10
study. All the software systems found are listed in a publicly available
document.2

RQ2 takeaways: ∙ The most frequently mined data sources are
source code repositories and issue trackers (see Fig. 7). ∙ Most
of the MSR4SA studies mine a single data source, but source
code repositories and issue tracking systems are commonly mined
together. ∙ Most of the case study systems (260/354) have the
architecture mined from a single data source type. ∙ Most of
the case study systems (218/354) are only studied in a single
paper.

6. MSR techniques to support software architecture (RQ3)

MSR4SA studies apply the following families of mining techniques:
∙ Source code analysis (66/151) is the most commonly applied

mining technique. This involves applying common static program anal-
ysis techniques (e.g., creating syntax trees) and building up graphs
(e.g., dependency and control graphs) among packages, classes, and
methods. Extracted graphs are then analyzed to extract architectural

2 https://github.com/S2-group/msr4sa-systematic-mapping-study-rep-
pkg/blob/main/data/system_names.csv

https://github.com/S2-group/msr4sa-systematic-mapping-study-rep-pkg/blob/main/data/system_names.csv
https://github.com/S2-group/msr4sa-systematic-mapping-study-rep-pkg/blob/main/data/system_names.csv
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descriptions (e.g., capture components using clustering – [P4]) or to
dentify architectural quality issues (e.g., security vulnerabilities or
mells – [P44,P27]) in the source code of the system.

∙ Model analysis (60/151) is commonly used to analyze architectural
models, usually captured from source code repositories. It supports
identifying architectural components [P18,P43], calculating metrics
on models [P15], predicting system quality [P45] and identifying ar-
chitectural quality issues such as architectural violations [P21] and
mells [P6].

∙ Statistical analysis (49/151) techniques such as descriptive statis-
ics and correlation analysis methods (e.g., Pearson and Spearman)

are common techniques in the MSR4SA studies to summarize archi-
tectural quality metrics (e.g., [P46]) and to determine the correla-
ion of changed architectural elements and issues such as security
ulnerabilities [P9] and bugs [P7,P47].
∙Machine learning (44/151) is used to mine source code and unstruc-

ured textual information such as issue tracking and Stack Overflow.
Unsupervised machine learning (e.g., clustering) is commonly used to
dentify architectural components (e.g., [P48]) from source code. In

contrast, supervised machine learning is commonly used to capture
architectural knowledge from unstructured textual information [P22,
P5,P49], and to predict components changes [P40] and architectural
ssues [P50].

∙ Qualitative analysis (42/151) techniques such as grounded the-
ry [24] and thematic analysis [16] are methods to manually ana-

lyze unstructured textual contents as in architectural documentation,
issue tracking systems, and Stack Overflow. The most common rea-
son for applying qualitative analysis in MSR4SA studies is to explore
architectural knowledge in Stack Overflow [P23,P29], architectural
ocumentations [P13], and issue tracking systems [P5].
∙ Natural language processing (NLP) (26/151) is commonly used

o pre-process textual information for supervised machine learning
nalysis. For example, NLP pre-processes Stack Overflow posts [P22],

and issues in issue tracking systems [P5] to automatically identify
architectural knowledge.

∙ Keywords searching (11/151) approaches (i.e., information re-
rieval) is an effective and easily applied technique to find relevant

architectural information in source code [P30,P3], as well as in un-
structured textual contents like Stack Overflow [P22] and web re-
sources [P2]. Despite the simplicity and effectiveness of informa-
ion retrieval, researchers complemented information retrieval with
ualitative analysis to mitigate false positives in results [P3].

Fig. 10 shows that the majority of MSR4SA studies apply more
han one mining technique2. We see that qualitative analysis and
tatistical analysis are commonly applied isolated. On the other hand,
odel analysis are conducted in conjunction with source code analysis.

or example, to identify architectural quality issues (e.g., architectural
mells), the authors of [P6] first apply source code analysis on multiple

repositories and then perform model analysis to capture architectural
smells.

RQ3 takeaways: ∙ Most of the MSR4SA studies apply more
than one mining technique, where the most common MSR
techniques are: source code analysis, model analysis, statistical
analysis.

7. Architectural information mined from software repositories
(RQ4)

As shown in Fig. 11, MSR4SA researchers are mining the following
architectural information from software repositories:

∙ Architectural components traceability (20/151) involve multiple ver-
sions of a system to identify architectural components, e.g., Java mod-
ules [P51] or microservices [P52]), and trace their associated design
11
decisions in issue trackers and architectural documentation. This has
been done qualitatively with the help of practitioners (e.g., [P12]), and
quantitatively using information retrieval (e.g., [P53]) and statistical
nalysis (e.g., [P54].
∙ Architectural quality issues (14/151) such as architectural smells

[P1], e.g., cyclic dependencies, God components, and Hotspot pat-
terns [P27]), performance issues (e.g., [P11]) and security vulnera-
bilities (e.g., uncontrolled resource consumptions [P26]. For example,
n [P9] the authors identified correlations between architectural smells

and vulnerability issues.
∙ Re-usable architectural solutions (14/151) such as architectural

patterns (e.g., layers) [P13,P55,P41] or tactics, such as availability
tactics (e.g., ping echo) [P16] and maintainability tactics (e.g., increase
ohesion) [P56]. For example, in [P3] the authors identified energy
fficiency tactics from different MSR data sources.

∙ Metrics (11/151) such as interoperability [P15] and maintainabil-
ity metrics (e.g., coupling [P57] and cohesion [P58]) are calculated to
achieve quality attributes. Moreover, new architectural metrics are pro-
posed, such as in [P36], where two metrics to measure the traceability
between requirements and architectural components are explored.

∙ Architectural design decisions (ADDs) (11/151) explain architectural
solutions and the rationale of their selection. This can also include
alternative solutions, as well as the benefits and drawbacks of each
solution. For example, [P22] propose an approach to effectively find
ADDs in Stack Overflow.

∙ Correlations (9/151) provide evidence to understand certain ar-
hitectural concepts (e.g., tactics or architectural smells). For example,
n [P16] the correlations between tactics, metrics, and bug fixes are

calculated, while in [P9], the correlation between architectural smells
and security issues is calculated. Moreover, in [P59], correlations be-
tween different metrics, such as, size, stability, and encapsulation are
calculated to test design principles.

Fig. 11 shows the number of MSR4SA studies which mine each
f the aforementioned architectural information types, and their co-
ccurrences with the data sources2. We can observe that architectural
uality issues is the most mined type of architectural information. This
s followed by architectural components traceability. We can also observe

that source code repositories and issue tracking systems were mined to cap-
ture all types of architectural information. While other data sources are
limited to certain types of architectural information. For example, Stack
Overflow is mined to capture ADDs [P22], architectural solutions like
microservices [P23] and architectural quality issues like smells [P35].

RQ4 takeaways: ∙ Architectural quality issues and components
are the mostly mined type of information. ∙ Source code repos-
itories and issue tracking systems are mined for all types of
architectural information. Other data sources like Stack Over-
flow or Requirements are mined for specific information (e.g.,
ADDs).

8. Discussion

8.1. Implications for researchers

The goals identified in RQ1 (see Section 4) provide an overview of
the goals currently achieved for the MSR4SA studies, which can help
dentify gaps and set priorities for future MSR4SA studies. For example,
oals related to facilitating empirical research, such as establishing ground
ruth and reduce researchers manual effort, seem to be rarely considered
see Fig. 4); therefore, they deserve extra attention from researchers

in future MSR4SA studies. Furthermore, our results in Fig. 4 show
that most of the goals are achieved through evaluation studies, while
only one goal, i.e., capture architectural knowledge, is achieved primarily
using exploratory studies. These results imply that more exploratory
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Fig. 10. Co-occurrences of mining techniques in MSR4SA studies. The diagonal counts techniques without co-occurrences.
Fig. 11. The (co)-occurrences of architectural information types and data sources in MSR4SA studies.
studies are needed to achieve the MSR4SA goals. In another implica-
tion, the results could refer to the preferred methodologies followed
by MSR4SA researchers, which support new researchers with standard
methodologies for future MSR4SA studies.

The identified co-occurrences between the goals of MSR4SA studies
(see Fig. 5) provide a comprehensive map of existing co-occurrences
of goals in current MSR4SA studies, which support to determine ideas
for new studies that address multiple goals. For example, the two
goals capture architectural knowledge and support development process
rarely cooccur in current studies. However, both goals are conceptually
related because software developers capture architectural knowledge
throughout the software process. Thus, a promising idea for a new study
could be to explore how architectural knowledge is generally captured
throughout the software development process.

The data sources found in RQ2 and their cooccurrences (see Fig. 7)
provide a guide for researchers on the most commonly mined data
sources (e.g., source code repositories, and issue tracking systems), as
well as less used data sources. On the one hand, researchers could
reuse existing datasets from commonly mined data sources, such as
the one containing 335 GitHub repositories containing robotic sys-
tems in [P3]. On the other hand, exploring rarely mined data sources
might bring new findings and provide additional research opportunities
for researchers. The Web and meeting minutes are two examples of
promising but still rarely-used data sources. Also, based on our primary
studies, mailing lists have not been previously mined for software archi-
tecture. In addition, most studies are based on a single data source,
rather than multiple sources. Although rarely mined data sources, and
their co-occurrences could present an opportunity for future MSR4SA
studies, it might indicate challenges in terms of data collection and
analysis to mine certain data sources or mine multiple data sources
12
together. One challenge could be the lack of a reliable infrastructure
(e.g., [25]) to efficiently conduct MSR4SA studies using multiple data
sources and for different architectural tasks.

The choice of a data source to execute architectural tasks shows
to be mostly influenced by one or two data sources. For instance,
source code repositories and issue tracking systems are the favorite data
sources to identify and resolve architectural quality issues in existing
systems and extract architectural descriptions. This result facilitates fu-
ture MSR4SA studies, as researchers know that source code and issue
trackers have been successfully mined in previous MSR4SA studies. In
contrast, this result can also motivate researchers to explore rarely-
mined data sources for certain tasks. For example, architectural docu-
mentations and issue tracking systems have been rarely mined together.
Using both data sources, researchers could support multiple the tasks:
capture architectural knowledge and extract architectural descriptions.

In our study, we identified 354 software systems mined from the
primary studies and their data sources (see Section 5.1). These could
guide researchers in new MSR4SA studies in selecting the software
systems to mine. Furthermore, the list of software systems can support
the development of benchmarks, such that when researchers mine the
same software systems for a specific data source, they could evaluate
their approaches and compare their results among different approaches.

Our results for RQ3 provide an overview for researchers on success-
fully applied mining techniques. For example, it is common to apply
code analysis, model analysis, and statistical analysis in source code
repositories and issue trackers. This is a confirmation that these tech-
niques can be successfully (re)used by researchers in future MSR4SA
studies. Moreover, the results of RQ3 also show rarely applied mining
techniques, such as NLP (see Fig. 10). NLP in MSR4SA studies is only
used to preprocess text for machine learning, with little profit from NLP
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capabilities. Consequently, researchers could explore additional capa-
ilities of NLP such as applying information extraction techniques (e.g.,
rgumentation mining), question-answering, or topic modeling [8].

The results of RQ4 provide a map of the architectural informa-
ion that can be extracted via MSR techniques (and from which data

sources). For example, if a researcher needs to capture architectural
quality issues like architectural smells, then they can consider mining
source code repositories, issue tracking systems, and Stack Overflow
in the first place. Moreover, we also identified types of architectural
information that are not mined from certain data sources. For example,
architectural components are not mined from Stack Overflow or from
the Web. This is expected since the components of a specific system
are generally stored in a system-specific software repository (e.g., its
GitHub repository or its JIRA board). However, Stack Overflow and
other Web resources (e.g., blogs [P60]) describe the components of
oftware systems in a generic way [P29], rather than using terms
pecific to a software system, as in issue trackers [P61]. The advantage

of such generic description facilitates finding similar components and
esign issues, and accordingly facilitates the re-use of architectural
nowledge.

Our results can foster the collaboration between MSR and SA re-
searchers. Given the number of studies and their different venues (see
Table 3), researchers from both communities could identify potential
collaborators working on similar topics and work with them for future
MSR4SA studies.

Our study can be considered as a stepping stone for subsequent
iterature reviews focusing on specific aspects of MSR4SA techniques,
here other researchers can empirically evaluate what and how exist-

ing MSR4SA techniques can achieve architectural tasks. For example,
researchers could conduct systematic literature reviews to determine
which source code analysis is more effective to extract architectural
knowledge, or which machine learning algorithms achieve the highest
accuracy to detect architectural smells, or whether issue trackers or
source code are better sources for effectively extracting architectural
information to be used in the architectural synthesis phase.

8.2. Implications for practitioners

The goals that emerged in RQ1 show that practitioners’ concerns,
such as efforts and development process, are widely considered in
MSR4SA studies. The identified goals inform practitioners about the
problems at hand that are more compatible with MSR techniques.

hose can guide practitioners about how to address some of their
(architecturally-relevant) concerns. For example, adopting agile devel-
pment processes might force developers to use different tools (e.g.,
acklogs and chat tools), while scattered architectural knowledge could

be captured using MSR techniques based on keyword-based searches or
machine learning.

The number of primary studies reported in Fig. 6 provide practition-
rs with an overview of recent research trends to achieve architectural

design activities: analysis, synthesis, and evaluation. These activities
re quite relevant for practitioners, and therefore these results in Fig. 6

inform practitioners about available approaches to support architec-
tural design activities. For example, practitioners can already benefit
from the numerous approaches to support architectural analysis, such
as identifying quality issues or capturing architectural knowledge in an
existing system.

The results of RQ2 inform practitioners about available data sources
hat might be successfully mined in the context of their projects or
rganizations. Although we expect that practitioners are familiar with
any of these data sources (e.g., GitHub), they may not be fully aware

f the benefits of mining them. Thus, the results of RQ2 clarify the
benefits of mining various data sources for architectural purposes. For
example, one of our results is that source code repositories and issue
tracking systems are usually mined together; this can motivate practi-
13

tioners to associate architectural changes from source code repositories a
with issues in issue tracking systems.
The MSR techniques identified in RQ3 are useful for guiding prac-

itioners about the development methods and tools required to mining
oftware repositories. For example, finding and capturing ADDs from
ssue trackers can be achieved well using keyword-based searches
nd NLP techniques. Thus, practitioners might develop tools for their
epositories using existing technologies (e.g., Apache Lucene and NLTK
ibrary) to find hidden ADDs in issue tracking systems. Furthermore,
ractitioners can benefit from the tools proposed within some of the
rimary studies, which could be applied in practice. For example,
ractitioners can benefit from new source code analysis tools to detect
rchitectural smells [P1].

The map of architectural information extracted from software repos-
tories (see Fig. 11) informs practitioners about what they can expect

from each data source and motivates them to search architectural
information in (possibly unexpected) data sources. For example, prac-
titioners might not be aware that design decisions are shared in Stack
Overflow and issue trackers as well.

9. Limitations and threats to validity

Considering only publications at specific venues may have reduced
the general validity of our initial search on DBLP. We are aware that
other software engineering conferences (e.g., ICSE and ESEC/FSE) and
journals (e.g., TSE, JSS) might have published studies about MSR4SA
approaches. As we discussed in Section 2.2, in this study we decided
to give higher priority to the correctness of the selected studies in
he first manual search on DBLP and then to complement it via back-
ard/forward snowballing. In this context, previous experience tells
s that DBLP is a reliable publication database for studies at the
ntersection between different research areas, which then can be used
s starting set for snowballing [26,27]. In summary, by borrowing the

terminology from the information retrieval field, in the initial search
of this study we selected the primary studies by preferring precision
over recall, while keeping the focus on top-quality conferences centered
around the MSR4SA topic. Indeed, it is common sense that ICSA, ECSA,
and MSR are the top conferences where to publish work related to
software architecture and MSR work. This has been a recurrent practice
also by other authors [28,29], where specific venues are considered to
publish a representative sample of the state of the art on a particular
topic.

Multiple phases of our study rely on manual analysis, potentially
leading to biased results. We mitigate this threat by following a solid
and iterative SMS method, extensively discussed a priori among the
researchers. Indeed, the three researchers were involved in all of the
hases, and each phase has been validated by high agreement levels

among them. The criteria for identifying MSR4SA studies could be a
threat to construct validity, because software architecture researchers
may not explicitly label MSR studies. To mitigate this potential threat
to validity, we (1) defined a priori a set of precise selection criteria
for MSR4SA studies, (2) applied them to all studies, and (3) assessed
the inter-rater agreement on a common sample of studies. Finally, we
pplied well-known guidelines and best practices in each phase of the
tudy and we report the data managed in each phase in a publicly

available research protocol, thus making our study easy to be replicated
nd verified.

10. Related work

There are a few studies in the literature where authors investigate
he use of MSR techniques for software architecture. However, their

scope tends to be narrower than that of our study, i.e., they focus
on a single facet of software architecture. For example, Bi et al. [31]
focus only on text analysis techniques for mining architecture-related
rtifacts. Javed and Zdun [32] consider only the literature on extracting
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Table 4
Comparison between the contributions of this study and contributions in the study by Jean de Dieu et al. [30].

This study Jean de Dieu et al. [30]

Number of studies and period 151 (from 2004 to 2023) 104 (from 2006 to 2022)

RQ1 Goals of MSR4SA
Address industrial concerns ✓ –
Considered architectural tasks 1. Identify and resolve

architectural quality issues.
2. Capture architectural
knowledge.
3. Extract architectural
description.

1. Architecture understanding,
2. Architecture maintenance and
evolution.
3. Architecture recovery.
4. Architectural description
and documentation.
5. Architecture implementation.
6. Architecture re-use.
7. Architecture impact analysis.
8. Architecture conformance check.

Facilitates empirical research ✓ –
Co-occurences between goals ✓ –
Study types (Exploratory versus evaluation) ✓ –
Architectural design activities ✓ ✓

RQ2 Data sources for MSR4SA
Source code repositories ✓ ✓→ ranked 1st

Issue tracking systems ✓ ✓→ ranked 4th

Architectural documentations ✓ ✓→ rank not specified
Stack Overflow ✓ ✓→ ranked 2nd

Requirements ✓ ✓→ rank not specified
The Web ✓ ✓→ ranked 10th

Code review platform ✓ –
Other sources 7. Vulnerability reports

8. API specifications
9. System logs.
10. Byte code.
11. Mailing lists.
12. Formal models.
13. Meeting protocols.
14. Test cases. 15. Blogs
16. Build traces.

3. Wiki
5. Online books and articles.
6. Blogs
7. Chat messages.
8. Mailing lists.
9. App stores.

Co-occurences between data sources ✓ –
Co-occurences between data sources and tasks ✓ ✓

Studied systems in MSR4SA studies ✓ –

RQ3 Mining techniques for MSR4SA
Source code analysis ✓ –
Model analysis ✓ –
Statistical analysis ✓ –
Machine learning ✓ ✓→ ranked 1st

Qualitative analysis ✓ ✓→ ranked 3rd

Natural language processing ✓ ✓→ rank not specified
Keywords searching ✓ ✓→ ranked 2nd

Co-occurences among mining techniques ✓ –
Tools employed in studies – ✓

RQ4 Architectural information from repositories
Architectural components traceability ✓ ✓→ ranked 1st

Architectural quality issues ✓ ✓→ ranked 5th

Re-usable architectural solutions ✓ ✓→ ranked 2nd

Metrics ✓ –
Architectural design decisions ✓ ✓→ ranked 3rd

Correlations ✓ –
Other information in Jean de Dieu et al. [30]
but not in this study

System requirement → ranked 3rd, architectural
change → ranked 6th, design relationship →

ranked 7th

Co-occurences with data sources ✓ –

Other contributions in Jean de Dieu et al. [30]
but not in this study

Challenges in mining architectural information,
such as lack of approaches, tools, and datasets.
a
Y

software architecture from source code. Bhat et al. [33] conduct a semi-
systematic literature review exclusively on design decisions. Finally,
inka et al. [34] evidences the architecture recovery techniques specif-

ically for software product lines. Compared to all of them, the scope
of our study is broader since we consider a comprehensive set of MSR
techniques, instead of a single one.

We also found multiple systematic mapping studies (SMS) and
systematic literature reviews (SLR) for either software architecture or

SR techniques. However, these studies do not combine both MSR
nd software architecture. We discuss these in the following two para-
raphs.
14
Software architectural researchers conducted SMS and SLR with a
focus on specific aspects of software architecture. For instance, Qureshi
et al. [35] synthesize trends, patterns, and knowledge gaps on software
rchitecture using an SLR on empirical software engineering studies.
ang et al. [36] conduct an SMS for analyzing the combination of agile

methods and software architecture practice. Galster and Weyns [18]
conduct an SMS to explore the application of empirical research in
software architecture. Aletie et al. [37] analyze the literature on ap-
proaches that propose techniques for searching optimal architecture
design. Arshad and Usman [38] systematically synthesize the quantity
and type of work that has been reported on security at software
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architectural level. Finally, Tang et al. [39] study the human aspects
involved in software architecture decision making.

In the case of MSR, especially due to its specific nature and recent
ackground, the related work are not that numerous. We find three
ain work that aim at investigating the MSR strategies and its evolu-

ion. Farias et al. [29] conduct a systematic mapping study on the area
of MSR aiming at understanding how this field has evolved. On the oc-
casion of the 10th anniversary of the MSR conference, in 2013, Demeyer
et al. [28] report what past MSR papers reflect, and discuss the possible
uture of such methodology. Also in 2013, Hemmati et al. [40], provide

a broad scope of the MSR community and summarize the best practices
in the past decade of MSR research.

The closest SMS to this study is the recent work done by Jean de
Dieu et al. [30]. The authors conduct an SMS on mining architectural in-
ormation with focus on categories of architectural information, sources,

activities, approaches, tools, and challenges. Because the study from
Jean de Dieu et al. [30] is the closest to this study, we compare the
contributions of both papers in Table 4, and discuss the differences
below:

• Goal: Both studies have two different but intersecting goals. Jean de
Dieu et al. [30] focus on architectural information, independent if
these are in software repositories or not. In contrast, we focus on
mining software repositories to support software architecture.

• Primary studies: Jean de Dieu et al. [30] found 104 primary studies,
while we found 151 primary studies, with only 49 studies intersect
between both SMSs.

• Results: There are several similarities and differences among both
studies presented in Table 4. For goals of MSR4SA, both studies
found different goals. Jean de Dieu et al. [30] focus on architectural
activities and tasks, while our study consider other goals, such as
industrial concerns and empirical research. Regarding data sources,
both studies found similar and different data sources and with differ-
ent priorities. For instance, issue trackers is the second data source
in our primary studies, while in Jean de Dieu et al. [30], it is the
4th data source after Stack Overflow and Wikis. Regarding mining
techniques, Jean de Dieu et al. [30] focus on machine learning, key-
words searches and qualitative analysis, while other techniques such
as source code analysis and statistical analysis were not considered.
Also, both studies found similar and different architectural informa-
tion. For instance, Jean de Dieu et al. [30] did not consider metrics
and correlations as architectural information, while they consider
other information, such as system requirements and architectural
change. Finally, Jean de Dieu et al. [30] identified tools used to
mine architectural information, while we identified analyzed software
systems.

All in all, due to the difference in goals between both studies, different
rimary studies were found and different results were obtained, and
ccordingly different conclusions. Therefore, we argue that both studies
re different, do not contradict, and complement each other in several
spects [P62–P151].

11. Conclusion and future work

This paper presents the first systematic mapping study on MSR
techniques for software architecture. From 2442 potentially-relevant
studies extracted from the proceedings of MSR, ICSA, and ECSA we
selected 151 studies and analyzed these to devise an evidence-based
map of MSR4SA goals, data sources, MSR techniques, and extracted
rchitectural information. The results of this study benefit both re-
earchers willing to contribute to the area of MSR4SA and practitioners

willing to understand existing MSR4SA research.
In the future, we are planning to (1) carry out a mixed-method study

targeting practitioners via case studies and a systematic study of the
grey literature in order to build an objective map of their needs and
practices in concrete projects involving MSR techniques for software
15
architecture, (2) target a selection of the identified research gaps, with
a special interest on the application of large language models for sup-
orting topic modeling activities [41] and, more generally, (3) applying

generative AI techniques for supporting the extraction of architectural
information and architectural reasoning, which has been identified by
the software engineering community as one of the most glaring research
gaps to be tackled in future software engineering studies [42,43], with
only few preliminary studies emerging in the last year [44,45].
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