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ABSTRACT Ample evidence in the literature emphasizes using socio-technical congruence (STC) to address
coordination issues in distributed software development. The recent decades have shown a progressive
growth in STC, resulting in an increasing number of research studies in the scientific corpora. However,
no existing study has systematically analyzed and illustrated the research patterns, latest trends, and
evolution in STC. This study aims to explore the knowledge structure and create evolutionary trajecto-
ries from STC publications. To achieve this aim, a scientometric analysis is performed that combined
a critical literature review (CLR) of STC-related published research in the Web of Science and Scopus
databases from 2000 to 2020. The scientometric analysis is conducted through four scientometric techniques:
1) co-word network analysis; 2) co-author network analysis; 3) co-citation analysis; 4) document clustering
with timeline analysis. The study outcomes will help understand and visualize STC’s research status quo.
CLR is objectively conducted to recognize the latest research topics, themes, and salient features of STC
research in software development. A total of 306 bibliographic data are analyzed to generate study-related
networks and density visualizations. The results reveal an evolution in the STC field from its conception
to the recent developments of STC models and other related factors. This study primarily contributes to
the literature by providing a systematic view related to STC research to assist software practitioners in
identifying applications and key research areas. Moreover, the combination of scientometric analysis and
CLR reveals key researchers, journals and conferences, institutions, prominent contributing countries, and
six major research themes, including ‘‘community structure’’ and ‘‘socio-technical congruence’’ as the most
prominent ones.

INDEX TERMS Socio-technical congruence, software development, scientometric analysis, critical litera-
ture review.

I. INTRODUCTION
Software development is a complex mechanism due to its
inherently multidimensional nature [1]. Development efforts
are often divided among teams or teammembers to cope with
this complexity. The distributed organization of team mem-
bers increases the need for coordination and collaboration
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among team members. However, dependencies among tasks
change over time, given the dynamic nature of software devel-
opment, which perturbs team coordination efficiency. There-
fore, the coordination and collaboration mechanisms must
align with the underlying project’s organization to accommo-
date the dynamic changes in task dependencies.

A recognized approach, socio-technical congruence
(STC), is used to overcome the challenges of appropriate
communication and coordination by measuring the fit among
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an organization’s social and technical capabilities [2]. STC
focuses on social and technical aspects of the software
development process and a fit indicates the right fusion of
social and technical abilities within a distributed team. STC
helps measure the team coordination level, which helps an
organization identify gaps that induce delays in work and
results or overall project failure [3]. The literature reveals that
a high degree of STC yields positive outcomes for project
development concerning quick task resolution time [4],
enhanced build quality [5], and improved project quality [6].
However, the misalignment of social and technical depen-
dencies, known as the coordination gap, reduces productivity
concerning a growing number of code changes [7], build
failure, and low team performance [8].

STC is a complex and evolving research area in software
development. However, the literature review demonstrates
that the STC concept mainly concentrates on software devel-
opment areas, such as industry research, distributed software
development, open-source software (OSS), and global soft-
ware development (GSD).

Numerous studies address the salient features and chal-
lenges associated with STC measurement. For instance,
Cataldo et al. [9], [10] used a matrix-based STC model
to measure the alignment between task dependencies and
actual coordination. An improved weighted STC measure-
ment model was presented in [11], [12] to overcome the
limitations of Cataldo’s model. The proposed model success-
fully detected the coordination gaps and suggested prioritiz-
ing key coordination tasks that must be managed for better
performance. Chouhdhary et al. [13] presented another vein
of STC, that is STC measurement for open source projects.
The model relies on the analysis of units of bursts to compute
the collaborative productivity. The results of the empirical
investigation depict the positive influence of STC on team
performance. Golzadeh et al. [14] proposed an empirical
study to measure the relationship between STC and cargo
package dependencies to show the advantage of STC on OSS
ecosystems and community health. Kwan and Damian [11]
enhanced the STC model by introducing the concept of
awareness in STC measurement. Jiang et al. [15] proposed
a novel three-dimensional STC measurement model that pri-
marily focuses on measuring the congruence between task
dependency and developer coordination. Zhang et al. [16]
presented an improved STC framework to compute STC
and the missing developer links (MDL) metrics at the file-
level. The finding of the empirical study reveals the effec-
tive relationship between STC and MDL for software bug
prediction. Portillo-Rodríguez et al. [17] introduced a multi-
agent STCmodel for GSD by utilizing the concept of Kwan’s
model [12]. The researchers included several additional fac-
tors related to environmental needs.

Existing studies have conducted in-depth investigations of
STC appositeness in particular areas of research. However,
the application of STC is assorted with an anecdotal extent
of intricacy. Therefore, an additional research endeavor is

needed to determine the range of STC’s applicability and
influence in interrelated areas of software development.

A. RESEARCH AIM, GAP, AND SIGNIFICANCE
Numerous researchers have conducted review studies on
STC to summarize its different characteristics. For instance,
Sierra et al. [18] summarized STC-related features, tech-
niques, and tools. Inayat et al. [19] further presented a survey
of the most relevant socio-technical aspects of requirements-
driven collaboration among software development teams.
Similarly, Suali et al. [20] conducted a systematic literature
review (SLR) to identify the importance of coordination in
different software development lifecycles. However, existing
STC reviews merely focus on manual and qualitative meth-
ods, susceptible to literature subjectivity [21].

Over time, several developers and researchers introduced
strategies to develop software at a large scale for different
contexts. This increase in the number of research publications
related to STC increases scientific corpora. An investigation
of the knowledge structures of these publications can help in
determining the research fronts and development trajectories
in the intended field of research [22]. In existing studies,
the main focus of researchers was to analyze the contents
in STC-related publications, not the research trends. With
an increase in the number of research publications in scien-
tific corpora and focus towards software development, the
scientometric analysis can help researchers to identify the
research patterns, prominent publications, and publication
characteristics (such as authors, publication sources, etc.)
without going through the detailed study of each paper indi-
vidually. Thereby, the mapping of STC knowledge facilitates
researchers to analyze the existing scientific literature, evolu-
tion, trends, growth, and future directions of STC.

In the literature, various approaches have been identified
to map the scientific data of intended research areas, such
as traditional or narrative review [23], systematic mapping
review [24], systematic reviews [25], critical reviews [26],
content analysis [27], a bibliometric technique [28]–[31],
latent semantic analysis [32], and scientometric analy-
sis [33], [34]. However, scientometric analysis is considered
one of the most widely used methodologies to map scien-
tific knowledge efficiently. It helps examine and evaluate
the development in the research field and salient frontiers of
research using various mathematical techniques and visual-
izations [35]. Furthermore, it facilitates observing the perfor-
mance of academics, institutes, faculties, and journals in the
targeted research area [36].

Surprisingly, no research has been conducted on STC high-
lighting the research innovation, achievements, and struggles
that embrace emerging trends in the intended research area.
This scenario raises difficulties for researchers to integrate
the existing knowledge and explore the research topics for
future investigation. It is needed to discover the evolutions
and development trajectories that can help scholars to better
understand the existing STC knowledge and research trends.
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Furthermore, as far as identified, no research has been con-
ducted on STC outlining the working relationships and asso-
ciations among clusters of STC research-related patterns to
date, such as journals, researchers, institutions, and regions.
Moreover, no study has explored the STC research corpus
concerning different aspects, including clusters of co-words,
co-authors, co-citations, and evaluations. To this end, we have
exploited scientometric techniques to perform an in-depth
analysis of STC-related knowledge. This scientometric anal-
ysis will help the research academic community to explore the
research patterns and topics for the next stage of prospects.

Grounded on the research gap of STC reviews, this paper
aims to investigate the knowledge structure and development
growth in STC publications. The findings of this investigation
facilitate software practitioners and the academic commu-
nity to understand the latest trends and visualize new per-
spectives for future studies. To achieve this purpose, this
paper performs an in-depth scientometric analysis, coupled
with a critical literature review (CLR) of STC. The CLR is
based on outcomes of detailed documents’ co-citation cluster
analysis while considering a timeline. The findings revealed
the research themes and related challenges in need of future
investigation. To the best of our knowledge, this is the first
scientometric study that provides an insightful view of STC’s
latest trends and status quo in the domain of software devel-
opment. Consequently, this study will help researchers and
practitioners understand the research field and its influence
on software development. Moreover, this study sidesteps the
issue of subjectivity existing in published STC reviews by
combining scientometric analysis (visualizing and analyzing
bibliographic data) and CLR.

The rest of this paper is organized as follows. Section II
presents the adopted research methodology with a brief
overview of the steps followed in conducting this study
smoothly. Section III discusses the mechanism of biblio-
graphic data collection and analysis. A detailed analysis and
numerous knowledge maps and networks (i.e., created from
bibliographic data) are provided in Section IV. It further pro-
vides CLR on the timeline analysis of clusters that explore
the research premises and subsequent arguments. Section V
highlights the results and discusses the scientometric analysis
and CLR findings. Finally, the last section concludes the
paper by offering an overall summary of the results and
providing suggestions for future studies.

II. RESEARCH METHODOLOGY
A review of the methodology is proposed to successfully
achieve the research aim. It consists of three major stages (as
shown in Fig.1): bibliographic data collection and analysis,
scientometric analysis with CLR, and result interpretation.
Each stage is supported with an illustration of numerous
featured maps and diagrams.

The first stage, bibliographic data collection and analysis,
was conducted by gathering academic publications from two
data sources: Web of Science (WoS) and Scopus. Moreover,
this stage involved a considerable research corpus consisting

of 306 journal articles and proceedings. This corpus was
significantly larger than any existing reviews on STC. The
bibliographic data collection and analysis helped analyze
the written publications statistically. The statistical analysis
indicated the number of publications, evaluations, and main
trends in the intended research area.

In the second stage, scientometric analysis is conducted,
which is considered the most widely used methodology for
mapping scientific knowledge efficiently [37]. This approach
examines and evaluates developments in certain research
fields and presents salient frontiers of research using various
mathematical techniques and visualizations. Additionally,
scientometric analysis facilitates observing the performance
of academic researchers, institutes, journals, and countries in
the investigated area of research [38]. The academic publi-
cations (collected in the previous stage) were further ana-
lyzed via four scientometric techniques (section IV-B) to
perform the scientometric analysis (i.e., the second stage).
Employing four techniques identified the following results:
i) determined a method to deduce the evolution of the STC
area; ii) recognized significant researchers, countries, and
institutions; iii) determined the key journals and conferences;
iv) identified the salient and promising research directions;
and v) deduced the origins of the researchers and numbers of
publications in specific regions. The scientometric techniques
were applied to the data collected using three powerful soft-
ware tools: CiteSpace [39], VOSviewer [40], and NVivo [41].
In literature, these tools were popularly used for scientometric
analysis. As such, the CiteSpace tool was considered valuable
for mapping domains of knowledge and generating illus-
trative graphical maps [42]–[44]. The VOSviewer aids the
construction and visualization of the bibliometric density net-
work from the information (i.e., extracted from the scientific
literature) [45]–[47]. NVivo is the most commonly used data
analysis tool, which employs qualitative and mixed methods
to generate bibliographic data results [45], [48]. Furthermore,
CLR helps in discovering the prominent research themes with
the major studies covered in each theme.

The final stage (i.e., result interpretation) highlighted the
detailed discussion about the outcomes and key findings
obtained from the previous stage. This stage facilitates identi-
fying possible research directions and related challenges from
the scientometric outcomes.

III. STAGE 1: BIBLIOGRAPHIC DATA COLLECTION AND
ANALYSIS
A relevant list of publications and bibliographic data were
gathered from two popular databases, Scopus and WoS,
to establish a foundation for the scientometric analysis.
This study intends to cover the maximum existing STC-
related literature. Therefore, STC peer-reviewed articles pub-
lished in the last 20 years were gathered through a precise
searching approach (discussed in the subsequent section).
The obtained data were further analyzed through a screen-
ing process that provided empirical evidence to facilitate
the meta-scientific findings. The following sections present
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FIGURE 1. Research methodology.
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the procedures of data searching, screening, and cleaning
processes.

A. LITERATURE SEARCH STRATEGY
The data collection mechanism used in this paper is decisive
and ranges from data sources selection to search method-
ology. Concerning data sources, WoS, Scopus, and Google
Scholar are considered major databases for scientific publi-
cation. The authors in [29] performed a comparative analysis
of these databases, highlighting their strengths and weak-
nesses. The purpose of the analysis was to help researchers
in selecting relevant and significant databases. Several other
databases containing core articles also exist. These databases
are associated with different journal publication houses, such
as IEEE Explore, Science Direct, Wiley Online Library, Else-
vier, EBSCO, ASCE Library, ProQuest, Springer, Emerald,
and Taylor & Francis. An in- depth investigation of the liter-
ature identified WoS and Scopus as the two key databases for
significant andmultidisciplinary studies [29], [34], [41], [49].
The present study included articles (published as journal
articles, proceedings, and reviews) from WoS and Scopus
to obtain comprehensive and high-quality data. Meanwhile,
book articles, reviews, notes, and posters were excluded.

Grounded on the strong correlation between STC and
software development, this study used search strings
containing ‘‘Socio-technical congruence,’’ ‘‘Socio-technical
dependency,’’ Socio-technical coordination,’’ and ‘‘software
development.’’The initial search results (obtained via these
key terms) presented various irrelevant papers that belong to
other domains such as social sciences, psychology, and artifi-
cial intelligence, instead of software engineering. To retrieve
the relevant studies, contextual termswere added in the search
query, such as software development. Initially, several search
term combinations were used to retrieve the relevant papers,
and the results are compared with a preliminary collection of
search outcomes. In the end, the search query was formulated
by adding the key selected terms combined with Boolean
‘‘OR’’ and ‘‘AND’’ operators. To validate the search accuracy
and cover all possible literature, search terms were adjusted
in the search string.

Table 1 lists the search queries (according to the search
formats of Scopus and WoS) used to seek and collect the
relevant publications. Related papers were searched via the
defined terms in different fields of articles (as given in
the search query), such as the title, abstract, or keywords,
to ensure that comprehensive data were obtained. However,
utilizing the search criteria, such as ‘‘TITLE-ABS-KEY’’ (in
the case of Scopus) and ‘‘Topic’’ (in the case of WoS), might
have generated data that lacks a relationship to the intended
research. Therefore, certain restrictions were applied to the
searchmechanisms to enhance the search accuracy and obtain
high-quality, relevant results. For instance, the documents
included were limited to English. Additionally, the publi-
cation sources were limited to journal articles, articles in
press, conferences, and proceedings. To retrieve comprehen-
sive information, the years 2000 to 2020were chosen to select

TABLE 1. Search query strings.

FIGURE 2. Data screening and cleaning process.

the data since the first STC framework was implemented in
2006 by Cataldo et al. [9].

B. DATA SCREENING AND CLEANING PROCESS
A complex screening method was needed to ensure that the
final research corpus contained high-quality articles high-
lighting the trends and importance of STC in software devel-
opment. After the searching mechanism, 357 articles were
downloaded and fed into Endnote for further screening.
A manual article screening mechanism was adopted to select
the relevant publications from the downloaded records. First,
articles with insufficient information (e.g., a missing author
name or publication year) were excluded. Next, the duplicate
publications were subsequently identified and removed from
the research corpus. The articles’ relevance was determined
by checking their titles, objectives, methods, and major find-
ings to further refine the data. After the successful screening
process (see Fig. 2), 306 articles were selected for further
analysis.

Fig.3 presents an overall distribution of the bibliographic
data (i.e., the 306 selected articles) collected from 2000 to
2020. 2012 and 2018 were the two peak years with the
maximum publication numbers. The detailed analysis of the
collected data revealed that the publications in 2012 focused
on STC techniques and tools, analysis of various perspectives,
and STC’s applicability in different phases of software devel-
opment [15], [19], [50]–[57]. Conversely, most publications
from 2018 focused on two main streams: i) the influence
of STC in different fields [58], [59] and ii) the applica-
tions of STC in OSS development [60], [61]. The document
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FIGURE 3. Number of articles published in WoS and scopus from 2000 to 2020.

citations from 2016 to 2020 indicate an increased interest of
researchers and practitioners in STC.

IV. STAGE 2: SCIENTOMETRIC ANALYSIS
Manual reviewing is a satisfactory approach to present a
thoughtful overview of the intended research area. However,
it is susceptible to issues concerning biased author opinions
and subjective interpretations [62]. A SLR also cannot suf-
ficiently characterize the entire STC field due to its vast
application range in different research domains [63].

A scientometric analysis helps find associations among
concepts in the literature via numerous scientometric
techniques. Therefore, it helps researchers identify new infor-
mation in the literature that may be disregarded in tra-
ditional, manually conducted reviews [64]. Nalimov and
Mul’chenko [65] introduced the concept of ‘‘scientometry’’
as the quantitative assessment of intended research to repre-
sent growth in the field of interest. The authors in [66] defined
this concept as a technique to outline the knowledge corpus,
improve the understandability of citation mechanisms, mea-
sure the research’s influence, and highlight the evolutionary
trends in a domain based on bibliographic data.

Additionally, Chen et al. [39] defined scientometry as
analyzing published literature through different bibliometric
techniques. This is done to outline the targeted domain’s
structure and evolution based on the high-quality scholarly
collection. This study focuses on the scientometric method-
ology to present a holistic analysis of STC concerning
software development activities. In the literature, different
scientometric techniques are used to identify the promi-
nent frontiers of research, such as co-word analysis [67],
co-occurrence analysis [31], [68], co-author/collaborator
analysis [69], co-citation analysis [70]–[72], bibliographic
coupling [71], [72], and cluster analysis [73].

For STC scientometric analysis, four scientometric tech-
niques were applied via different tools (discussed in
subsection IV-B). This was undertaken to visualize the entire
STC field and identify research patterns and global perspec-
tive trends. Table 2 provides a summary of the proposed
scientometric analysis (i.e., the techniques and tools along
with their outcomes).

A. SCIENTOMETRIC ANALYSIS TOOLS
This study selected three scientometric tools (CiteSpace,
VOSviewer, and Nvivo) to perform the scientometric analysis
of STC. An overview of each of these tools is provided in
this section. The CiteSpace tool analyzes and visualizes the
intended research field by creating numerous co-citation net-
works and graphs based on the scientific literature [39]. The
co-citation networks and graphs help researchers understand
existing studies and determine concealed hints within the data
collection.

Additionally, CiteSpace computes two key metrics (col-
lectively known as composite sigma) from the generated
networks: betweenness centrality and citation bursts. These
metrics determine the overall structural properties of a net-
work that help identify STC’s main points and evolutionary.
The betweenness centrality metric is computed by using a
ratio: the shortest path among the two nodes and the sum
of all alike shortest paths (as shown in equation 1) [74]. The
betweenness centrality depicts the structural holes that define
the flow of information in the generated networks.

BC =
∑

x 6=y6=z∈V

σxz(y)
σxz

(1)

The citation burst metric is calculated using Kleinberg’s
algorithm [75]. This measure reveals the abrupt frequency
changes in the citations over the short time interval within
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the overall specified period. The strongest value of a burst
denotes the topmost attractive work.

Additionally, CiteSpace also assisted in performing a clus-
ter analysis to composite sigma and show the interconnection
of nodes. The tool ensured that there were no overlaps in the
clustering algorithm that would constrain a node to appear
in only one cluster at a time. In this study, we focused on
cluster analysis to perform a critical analysis of the published
literature based on two clustering measures: 1) network mod-
ularity (denoted as Q) and 2) silhouette value (denoted as S).
The Q value defines the extent of network decomposition,
which determines the cluster’s overall structure in a citation
network. The value range for Q lies between 0 to 1. Any
value above 0.3 indicates a well-structured knowledge net-
work [76]. The S value provides an approach to measure the
quality of cluster configuration. In other words, it indicates
the estimation of uncertainty that may appear in the cluster’s
nature. The S value ranges from−1 to 1. Generally, any value
above 0.5 depicts a reasonable view of the cluster, whereas a
value of 1 represents a perfect separation of clusters [77].

VOSviewer, the second tool selected, was used to create
a density view of items to visualize the main focus of the
research patterns (i.e., keywords, authors, and documents).
In density visualization, the items are represented by labels
in the same manner as network visualization by CiteSpace.
The densities of the items are identified via three colors: blue,
green, and yellow.

The third tool selected, Nvivo, provides a cloud view of
co-occurring keywords with respect to their frequency. This
cloud view facilitates the identification of current trends in
the intended field of research. Additionally, Nvivo helps in
the deeper evaluation and exploration of particular themes
provided by the CiteSpace tool.

B. SCIENTOMETRIC ANALYSIS TECHNIQUES
A scientometric analysis was performed on the data
(i.e., gathered through the bibliographic analysis) via four
scientometric techniques. This first technique used was
a co-words analysis which comprised of three networks:
co-occurring words, co-occurring terms or keywords, and
keyword evolution. The second technique used was co-
authors analysis, which focused on the collaboration network
at three levels: author, institution, and country. The third
technique used was co-citations analysis that determined the
co-cited journals and co-cited articles. Finally, the fourth
technique used was the analysis of co-cited document clusters
considering the citation timeline.

1) CO-WORD ANALYSIS
Co-word analysis is a mechanism that counts and analyzes
the number of keywords in an article related to a research
field [78]. It explores the relationships among keywords
in a research area. Furthermore, co-word analysis facili-
tates observing research trends and advancing the research
topic [79].

FIGURE 4. Cloud of most frequent words.

A significant amount of information about the given
research can be extracted from analyzing a structured text
corpus (i.e., data collected from Scopus and WoS). Tradi-
tional text analysis locates documents that contain specific
words or phrases. However, this type of analysis is tedious
and time-consuming for researchers to spot new evolutionary
events and trends in specified areas [80]. This study analyzed
word frequency (via NVivo software) with an additional focus
on the networks of co-occurring phrases and co-occurring
keywords, grounded on the importance of text in documents.

C. WORD FREQUENCY ANALYSIS
NVivo software was used to analyze word frequency by
applying the function ‘‘word frequency query’’ to all the
retrieved publications in PDF format. The words were
selected by setting the criteria to a minimum length of four
letters and displaying the top 1,000 frequent words. The
criterion of minimum four-letter long words was selected
to prevent pronouns and adverbs in the retrieved data.
Table 3 shows the top 20 most frequent words that appear in
STC-related articles. A cloud view of the top 1,300 words in
different font sizes based on the frequency of their occurrence
is further shown in Fig.4.

D. NETWORK OF CO-OCCURRING PHRASE
A phrase is a group of words representing a unit of con-
ceptualization. The analysis of the co-occurrence of phrases
helps researchers explore the right direction of an investi-
gation. In the current study, this analysis was conducted by
generating a network of co-occurring phrases and considering
the bursts detected from noun phrases and plain text. Fig.5
depicts a network of co-occurring phrases (developed through
CiteSpace), consisting of 45 nodes and 29 links between these
nodes.

The top seven co-occurring phrases with the highest
frequency are listed in Table 4. These phrases include
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TABLE 2. Summary of scientometric techniques with outcomes.

‘‘software-engineering’’ (frequency = 15), ‘‘software-
systems’’ (frequency = 11), ‘‘software-projects’’ (fre-
quency = 10), ‘‘socio-technical-congruence’’ (frequency =
9), ‘‘technical-congruence’’ (frequency= 9), ‘‘software com-
ponents’’ (frequency = 6), and ‘‘design-principles’’ (fre-
quency = 5). The frequency values of these phrases indicate
their contribution to the advancement of STC research.

1) STRUCTURAL CHARACTERISTICS OF CO-OCCURRING
PHRASES
In the context of structural network properties (i.e., between-
ness centrality, citation burst, network modularity (Q), and
silhouette (S) value, as discussed in section IV-A), the

co-occurring phrases network indicated the value of Q =
0.81. This showed the rational distribution of the phrases’
network in loosely coupled clusters. On the other hand, the
value of S= 0.33 indicated high heterogeneity in the cluster-
ing mechanism.

Concerning betweenness centrality, three phrases signified
high values of centrality: ‘‘software-projects’’ (centrality =
0.03), ‘‘socio-technical-congruence’’ (centrality = 0.02),
and ‘‘different-role’’ (centrality = 0.02). The burst detec-
tion algorithm identified the six most cited term bursts:
‘‘software-systems’’ (burst = 7.02, 2015–2017), ‘‘software-
engineering’’ (burst = 5.50, 2013–2014), ‘‘software-
components’’ (burst= 3.56, 2007–2008), ‘‘software-projects’’
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TABLE 3. Top 20 most frequent words.

FIGURE 5. Network of co-occurring phrase.

TABLE 4. Top seven co-occurring phrases.

(burst = 3.34, 2012–2013), ‘‘socio-technical-congruence’’
(burst = 3.30, 2013–2014), and ‘‘technical-congruence’’

TABLE 5. Top 10 most frequent co-occurring keywords.

(burst= 3.30, 2013–2014) in phrases network. This outcome
revealed that researchers have significantly focused on these
phrases in the STC field over the topical years.

E. NETWORK OF KEYWORD CO-OCCURRENCE
Keywords are considered the most significant and descriptive
words used to understand the basic concepts and key findings
of research publications. A network of co-occurring key-
words helps identify the hot topics and topical research trends
over a particular time. It also describes the advancements in
the intended research area over a particular period [34]. In this
study, the publications obtained from WoS contained two
types of keywords: i) keywords provided by the authors and
ii) keywords based on the journal’s research classification.
However, the data retrieved from Scopus merely contained
author keywords. of co-occurring keywords (Fig. 6a) was
generated through CiteSpace, which utilized keywords and
merged similar ones. The network contained 297 nodes with
1,892 links. The node size within the network represented
the frequency of keywords in the bibliographic data. Fur-
thermore, the keywords with a considerable role in the STC
domain were portrayed via density visualizations (Fig. 6b) of
the co-occurring keyword network. This visualization gener-
ated through VOSviewer helped highlight the key areas of the
STC research domain.

In the network of co-occurring keywords, the top 10
most frequently appearing keywords are given in Table 5.
They are ‘‘software engineering’’ (frequency = 48),
‘‘software design’’ (frequency = 45), ‘‘Socio-technical’’
(frequency = 42), ‘‘coordination’’ (frequency = 36), ‘‘open-
source software’’ (frequency = 29), ‘‘computer software’’
(frequency= 29), ‘‘collaboration’’ (frequency= 24), ‘‘Socio-
technical system’’ (frequency = 22), ‘‘open system’’ (fre-
quency = 20), and ‘‘Socio-technical system’’ (frequency =
18). This result revealed that ‘‘software engineering’’ has the
highest count in the bibliographic data. Therefore, it is a hot
research topic and area connected to the STC field.

An insightful analysis of the publications gathered
also evidenced the role of STC in software engineer-
ing. For instance, Kwan et al. [5] defined STC as a
technique used to measure the coordination among soft-
ware teams. Paasivaara et al. [81] also defined the concept
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FIGURE 6. Visualization maps of co-occurring keyword.

concerning a global software engineering project and showed
that STC could improve industrial practices. Similarly,
Marczak et al. [82] discussed the significance of STC in
requirement engineering. Their findings demonstrated the
efficient identification of coordination needs through STC.

The network of keywords is a static illustration source
of a particular area; however, it fails to depict changes in
the STC field concerning time. Therefore, the time fac-
tor was added to the network of co-occurring keywords to
describe the progress of STC-based keywords persistent in
the intended period (2000–2020). Moreover, co-occurring
links helped recognize the periods of the keywords. The
lines were colored according to the connection establish-
ment time. Fig.7 reveals that ‘‘global software development’’
and ‘‘collaborative software development’’ co-occurred with
‘‘Socio-technical system’’ and ‘‘Socio-technical congru-
ence,’’ respectively, for each period from 2000 to 2020.
However, notably, Fig.7 reveals that the area of ‘‘collabora-
tive software development’’ has gained more attention and a
longer period of attention (2002–2020). Next, ‘‘global soft-
ware development’’ (GSD) has been a hot area of focus for
researchers (from 2001 to 2018). The analysis of literature,
such as [9], [13], [16], [19], [50], [51], [54], [61], [82]–[87],
also supports this finding.

1) STRUCTURAL CHARACTERISTICS OF CO-OCCURRING
KEYWORD NETWORK
Concerning the co-occurring keyword network’s structural
characteristics, the modularity of the overall network was
measured as Q= 0.88 (higher than the threshold of 0.3). This
indicated a network distribution of loosely coupled clusters.
However, the mean silhouette value of S= 0.95 showed high
heterogeneity in network clustering.

Concerning betweenness centrality, several keywords
scored high. The ‘‘empirical study’’ keyword with centrality
equaling 0.25 was at the top. In contrast, the least scored
keyword was ‘‘global software development’’ with central-
ity equaling 0.13. These keywords’ centrality values indi-
cated their considerable influence on the growth of the STC
research and numerous associated research areas.

The citation burst detection algorithm identified seven
keywords (see Fig. 8) with strong burst values in different
periods. All the extracted keywords with high burst strength
represented prominent areas and topics in STC research. The
list depicted an extensive number of works dedicated to the
identified research areas connected to STC. This finding also
revealed the progress in the STC field overtime. For instance,
STC was initially utilized for collaborative software devel-
opment due to its advantages in tackling social and techni-
cal perspectives. Thereafter, other factors were subsequently
added to STC when software models and technologies began
growing worldwide. For instance, Tamburri et al. [88] added
the community smell concept in STC concerning OSS devel-
opment. The improved STC methodology helped in identi-
fying coordination issues related to different communities.
Moreover, Zhang et al. [60] presented the influence of STC
through the element of continuous defect prediction. The
study highlighted the positive effects of STC on the software
project’s outcome. In contrast, a lack of STC depicted a
negative influence concerning software failure.

a: CO-AUTHOR ANALYSIS
An author is considered a key carrier of knowledge in aca-
demic exchanges and communication [89]. Bibliographic
records contain information about the authors and other
potential aspects of research publications. In a scientometric
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FIGURE 7. Timeline representation of co-occurring keywords.

FIGURE 8. Burst strength of co-occurring keywords.

study, co-occurrence relations can be analyzed via a co-
authorship network. Furthermore, the co-authorship network
nodes also depict authors, countries, and institutes that share
a study’s authorship [90]. Equation (2) is commonly used to
compute the co-authorship among authors, countries, or insti-
tutes [91].

Npub = (In)r (2)

where Npub denotes the number of publications, In describes
the number of items (authors, countries, or institutes) that
share at least one publication, and r shows the co-authorship
pattern, which is calculated by using the ratio of the natural
log of Npub and In.

In this study, a co-author network was generated through
CiteSpace using bibliographic records (i.e., it was gath-
ered after processing and screening). CiteSpace can sys-
tematically outline the domains of knowledge via numerous
innovative graphs [39]. Thus, it was also utilized for
developing and analyzing other co-authors networks, such
as the co-authorship network, co-occurring country/region
network, and co-occurring institution network. For each
co-author network, bursts were detected using Kleinberg’s
algorithm [75]. Additionally, a density visualization of each
network was generated via VOSviewer.

F. CO-AUTHORSHIP NETWORK
The co-authorship network facilitated in identifying the most
significant researchers in the STC field and the volume of
collaboration among different researchers. The co-authorship
network generated via CiteSpace facilitated the illustration
and analysis of the scientific information, logical connec-
tion, and well-structured knowledge about co-authors. Fig. 9a
shows the co-authorship network representing the authors and
their collaboration activities. Pathfinder, recommended in an
existing study [92], was applied to remove the excessive links
among different nodes and optimize network visualization.
Overall, the network consisted of 23 clusters with 53 nodes
and 49 links. In the co-authorship network, the node size sym-
bolized the number of publications, whereas the link thick-
ness indicated the strength of the collaborative relationships
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FIGURE 9. Visualization maps of co-authorshi.

among the nodes in each publication year. The links were
displayed via a range of colors (i.e., orange, purple, brown,
yellow, and red). Each color link denoted a different year
from 2000 to 2020.Moreover, the color transitions (from cool
to warm tones) represented the publication years.

Additionally, density visualization (see Fig. 9b) high-
lighted numerous research communities consisting of the
number of authors with strong collaboration. Two prominent
identified communities were: 1) Cataldo, Blincoe, Damian,
and Schralter; and 2) Souza, Quirk, Sarma, and Herrmann.
The central authors were also recognized within these com-
munities based on higher numbers of collaboration activi-
ties than other authors. For instance, in the first community,
Damian was identified as the central author among Cataldo,
Blincoe, and Schralter. Similarly, Souza was recognized as
the central author in the latter community among Quirk,
Sarma, and Herrmann.

From the co-authorship network, the 10 most significant
researchers based on the frequency of journal publications
are listed in Table 6. Among these identified researchers,
Valetto (IBM), Bird (Microsoft Research), Blincoe (Drexel
University), and Kwan (University of Victoria) are at the top
positions, in that order.

1) STRUCTURAL CHARACTERISTICS OF THE
CO-AUTHORSHIP NETWORK
The co-authorship network yielded a value for modularity
of Q = 0.93 (higher than the threshold of 0.3), indicating a
rational division of the network via loosely tied clusters. The
mean silhouette S score was 0.65, which signified the exis-
tence of heterogeneous clustering in the network. The third
characteristic (betweenness centrality) indicated the influ-
ence of researchers and was computed based on the links
among authors. The nodes with high betweenness centrality
values were recognized as core hubs in the network that
might serve as mediators for connecting different research
groups. CiteSpace displayed the betweenness centrality

FIGURE 10. Burst strength of co-author.

(i.e., higher than 0.1) as a purple ring. The entire network
(see Fig. 9a) revealed zero betweenness centrality among
the nodes. This finding suggested that future collaboration
among different communities should be reinforced. There-
fore, academic researchers should increase their communi-
cation to strengthen development in the STC field.

The author burst value (the fourth characteristic) repre-
sented an enhancement in the number of citations within
a short period. In the co-authorship network, the top three
bursts (as shown in Fig. 10) included (i) A Sarma with a
burst strength of 1.8159 from 2008–2011, ii) Scylu with a
burst strength of 1.7588 from 2000–2006, and iii) E Trainer
with a burst strength of 1.728 from 2007–2008. The value of
the burst strength denotes that a significant level of attention
was gained in 2011. However, the burst detection algorithm
indicates no burst within the preceding 9 years. In recent
years, STC has substantially attracted verity worldwide. This
is why a specific author has hardly obtained a high number
of citations within a short span.

G. NETWORK OF COUNTRIES
The country-wide network of publications was generated
through CiteSpace to investigate the structural distribution
of STC publications. The network (Fig. 11a) consisted
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TABLE 6. Top 10 significant researchers.

TABLE 7. Top contributing countries.

of 29 nodes connected via 45 links. The size of the
node symbolized the number of publications in a country
from 2000 to 2020. Moreover, the density visualization (as
shown in Fig. 11b) of the network of countries displayed the
most prominent countries with the highest numbers of STC
publications.

Table 7 lists the countries that made significant contri-
butions in the STC domain over the intended period. The
United States is at the top with 98 publications, Canada
with 27 publications, Italy with 21 articles, the United King-
dom with 13 publications, and France with 12 publications.
A substantial number of publications in these countries
denote the advancement in STC studies related to software
development. Furthermore, concerning international collab-
oration, the United States appeared to participate in any col-
laborative activities with researchers from Canada, Italy, and
the United Kingdom.

1) STRUCTURAL CHARACTERISTICS OF THE CO-OCCURRING
COUNTRIES NETWORK
The co-occurring countries’ network (as depicted in Fig. 11a)
depicted modularity at Q = 0.69. Therefore, a rational divi-
sion is observed in the network of loosely tied clusters. The
value of the mean silhouette (0.49) indicated heterogeneity in
the network clustering.

The betweenness centrality denotes the contribution of
a country in developing the STC field. The core countries
most significantly exhibit high betweenness centrality values,
displayed as purple trims in the network. The noted top
contributors (in terms of centrality) are Italy (0.51), United
Kingdom (0.46), Canada (0.44), United States (0.42), and
Switzerland (0.25). On the other hand, the strength of citation
bursts calculated by CiteSpace indicates abrupt changes in the
citation frequency over a short period. The burst detection
algorithm identified the following four countries (Fig.12)
with strong burst strength: Brazil, Finland, Australia, and
Canada. These countries generated a substantial number of
publications along with high numbers of citations over the
intended years. However, in the last 5 years (2016–2020),
no citation burst was detected.

H. NETWORK OF INSTITUTIONS
A network of institutions was generated to explore their
publication contribution in developing the STC domain. The
generated network (via CiteSpace) consisted of 37 nodes
with 11 links (as shown in Fig.13a). The analysis of the
institution network and density visualization (Fig. 13b) indi-
cated that STC research has grown considerably in numerous
universities. The top four institutions are Carnegie Mellon
University, USA (13 articles), the University of California,
USA (5 articles), Microsoft Research Cambridge, UK (3 arti-
cles), and the Federal University of Para, Brazil (3 articles).
A considerable number of publications from these institutions
denote their important role in advancing STC research.

1) STRUCTURAL CHARACTERISTICS OF THE INSTITUTION
NETWORK
Concerning structural network properties, the value of net-
work modularity of Q = 0.74 was obtained, which is higher
than the threshold of 0.3. Thus, a rational distribution was
evident in the network of loosely coupled clusters. The mean
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FIGURE 11. Visualization maps of co-occurring countries.

FIGURE 12. Burst strength of co-occurring countries.

silhouette value of S= 0.19 indicated substantial heterogene-
ity in the clustering mechanism.

Concerning betweenness centrality, Carnegie Mellon Uni-
versity (centrality = 0.02) and the University of California
(centrality = 0.01) exhibited more connections and were
deemed core collaborators when compared to other insti-
tutions. Concerning citation bursts (see Fig. 14), the Uni-
versity of California exhibited the highest burst strength
of 2.5815 from 200–2009, the Federal University of Para
achieved a burst strength of 1.7775 from 200–2008, and the
Microsoft Research Center had a burst strength of 1.5375
from 200–2011. The institutional citation burst analysis indi-
cates no burst in the last 9 years (2012–2020).

a: CO-CITATION ANALYSIS
The co-citation analysis is considered as a measure of seman-
tic similarity for articles that utilize associations among the
cited documents [40]. This analysis measures the connec-
tions and relationships among publication instances, such
as authors, journals, or documents. The co-citation analysis
determines how often two instances are cited by a third
one [93]. The co-citation calculation can be better understood

through equation (3), as mentioned in [94].

Np1p2 =
∑n

I=1
LIp1LIp2 (3)

where Np1p2 represents the number of items (journals,
authors, or documents) that cite p1 and p2 in pairing, I denotes
the item citing p1 and p2, and L reflects the array of citations
for p1 and p2.
The present study investigates three networks: i) journal

and conference co-citation, ii) author co-citation, and iii)
document co-citation.

I. JOURNAL AND CONFERENCE CO-CITATION NETWORK
The network of journal and conference co-citation (generated
through CiteSpace) consists of 405nodes and 2,714 links
(as shown in Fig. 15a). The most highly cited journals and
conferences are represented by large nodes in the gener-
ated network that reveal their influence on STC research
in software development. Additionally, Fig.15b illustrates
the density visualization of the cited journal and conference
network, indicating the focus of researchers on journals and
conferences on STC.

In software development, a total of 87 journals and con-
ferences related to STC were identified from the research
corpus (i.e., 306 articles). Among these, five journals
and conferences published a considerable number of arti-
cles. Tables 8 and 9 list the top five journals and confer-
ences concerning publication frequency, respectively. The
Communications of the ACM journal published 43 articles
(constituting 20.19%) related to STC research, ranking first
on the list. This journal exhibits considerable authority in
STC and popularity with the researchers. IEEE Software
Engineering, Proceedings in Conference of Software, IEEE
Software, and Datamation were the four additional journals
and conferences substantially contributing to STC research
publications.
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FIGURE 13. Visualization maps of institutions.

TABLE 8. Top five journals.

FIGURE 14. Burst strength of institutions.

1) STRUCTURAL CHARACTERISTICS OF JOURNAL AND
CONFERENCE NETWORK
The network’s structural properties indicated that the over-
all network modularity was Q = 0.72, depicting the loose
coupling of network clusters. The mean silhouette was S =
0.25, indicating the diversity in network clustering. The cen-
trality measures in the co-citation network define the quantity
of distinctive interconnected multidisciplinary journals [39].

Fig.15a presents high values of betweenness centrality for
several journals and conferences, including the Computer
Journal (0.21), IEEE Software (0.19), Information Manage-
ment (0.17), Communications of the ACM (0.14), Proceed-
ings in Conference of Software (0.14), ACM Computing
Surveys (0.13), and IEEE Software Engineering (0.13). The
fourth metric (the burst detection algorithm) detected three
journal co-citation bursts (see Fig.16): ACM Computing
Surveys (burst strength = 3.6605, 2012–2017), Empirical
Software Engineering (burst strength= 4.3301, 2017–2020),
and IEEE Software Engineering (burst strength = 4.3301,
2017–2020). The findings indicate the strong co-citations of
these journals over the corresponding period.

J. AUTHOR CO-CITATION NETWORK
The relationships between distinct authors could be analyzed
through the author co-citation network. This could be gen-
erated based on the authors whose works were displayed
together in the same publication’s cited references [30].
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FIGURE 15. Visualization maps of co-cited journal and conference.

TABLE 9. Top five conference or proceedings.

FIGURE 16. Burst strength of co-cited journal and conference.

This research developed a network of author co-citations via
CiteSpace using the bibliographic data, where the network
contained 449 nodes and 1732 links (see Fig. 17a). The node
size indicated the frequency of the authors co-cited, whereas
the links referred to the indirect supportive associations
among authors based on the number of co-citations. Another

view of the highly co-cited authors was better represented
through density visualization (as highlighted in Fig. 17b).

The results (co-citation network and density visualization)
revealed that the most highly cited authors included Cataldo
(frequency = 80, United States), Herbsleb (frequency =
51, United States), Parnas (frequency = 34, Canada), Kwan
(frequency = 33, Canada), Bird (frequency = 33, United
States), Conway (frequency = 33, United States), Sarma A
(frequency = 31, United States), Ehrlich (frequency = 28,
United States), Crowston (frequency = 26, United States),
Mockus (frequency = 25, United States), and Valetto (fre-
quency =23, United States).

Table 10 lists the top 10 most significant cited researchers
with their affiliated country and publication year. As depicted
in Table 10, Cataldo exhibited a greater contribution
towards developing STC models and their application in
distributed software development, specifically from the
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FIGURE 17. Visualization maps of author co-citation.

TABLE 10. Top 10 cited researchers.

industrial perspective. The highly cited authors are from
diverse locations, highlighting that STC research is conducted
globally.

1) STRUCTURAL CHARACTERISTICS OF AUTHOR
CO-CITATION NETWORK
The overall network modularity was measured as
Q = 0.84 (> 0.3), which showed loosely coupled clusters
within the network. The mean silhouette (S = 0.32) showed
heterogeneity in network clustering. Regarding the between-
ness centrality metric, the top three authors were identified
as Dourish (centrality = 0.29), Faraj (centrality = 0.24), and
Espinosa (centrality = 0.23).

The fourth metric, the burst detection algorithm, deter-
mined various potential researchers by identifying hasty
enhancements in citation counts over a diminutive period.
Fig.8 provides the list of authors with the strongest citation
bursts. Thus, these authors have a strong impact on the STC
field research regarding software development in a particular
period.

FIGURE 18. Burst strength of co-cited authors.

K. DOCUMENT CO-CITATION NETWORK
The analysis of the cited references in the selected publi-
cations demonstrates the overall scientific knowledge of the
respective publications [49]. The basic purpose of document
co-citation analysis (DCA) is to study the network of co-cited
references. A network of document co-citation was used to
insightfully investigate the STC research domain. CiteSpace
was used to draw a network of document co-citations based
on the collected bibliography to highlight the relationships
between citations at the author level.

Fig. 19a illustrates the constructed network and comprises
of 211 nodes and 669 links. Each node is labeled by the author
name and publication year, and the node size denotes the
co-citation frequency of the documents. The aforementioned
documents’ nodes were obtained from the list of cited refer-
ences in the selected publications (the corpus of 306 retrieved
articles). Fig. 19b illustrates the density map view of the
document co-citation, outlining co-cited references’ strong
relationships (generated using VOSviewer).

The document co-citation network revealed the top five
most cited documents and their publication years and authors,
which are listed in Table 11. The high citation values of
these articles indicate their global popularity and significant
contribution to STC research in software development.
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FIGURE 19. Visualization maps of document co-citation network.

TABLE 11. Top cited document.

1) STRUCTURAL CHARACTERISTICS OF DOCUMENT
CO-CITATION NETWORK
The document co-citation network analysis displayed the
overall network modularity as Q = 0.76 and the mean sil-
houette as S = 0.3019, demonstrating the loose coupling
and diversity in network clusters, respectively. Concerning
betweenness centrality, certain documents exhibited high
centrality values. For instance, Kwan et al. [11] had the
highest centrality (0.24) among all the documents, whereas
Cataldo et al. [9] and Sosa et al [96] achieved 0.01 and 0.09
centrality, respectively. The results denote that these articles
serve as foundations for STC research and exhibit a signifi-
cant effect on STC growth concerning software development.
Concerning citation burst detection, the only document with
a citation burst is the work of Cataldo and Herbsleb [97] (see
Fig.20). This also indicated that Cataldo and Herbsleb’s work
was cited frequently over a short time.

a: CO-CITED DOCUMENTS CLUSTERING WITH TIMELINE
ANALYSIS
Cluster analysis is a data mining technique commonly used
to discover hidden knowledge and semantic concepts from

FIGURE 20. Burst strength of co-cited documents.

text [92]. This method can be used to classify the collections
of research data into different classes according to the correla-
tions among various terms. The present study applied cluster
analysis to identify different themes, salient features, trends,
and interdisciplinary relationships in the intended research
area. Among various types of cluster labeling algorithms
(Latent Semantic Indexing, Log-likelihood Ratio (LLR), and
Mutual Information (MI)), LLR is most widely used in lit-
erature as it produces high-quality results in relation to con-
vergence and uniqueness [98]. The current study utilized this
algorithm to label the generated clusters anchored on the
efficiency of LLR.

The documents were classified in clusters according
to the index terms defined in the cited references of
the 306 collected publications. This cluster classification was
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FIGURE 21. Timeline view of cited document cluster.

generated through the LLR algorithm to denote STC-related
research’s semantic structures and themes. The generated
document co-citation network contained six co-citation clus-
ters (as shown in Fig.21). The two biggest clusters were
cluster number 0 with 44 members (labeled as ‘‘community
structure’’) and cluster number 4 with 31 members (labeled
as ‘‘Socio-technical congruence’’). The cluster labeled as
‘‘coordination requirement’’ (cluster number 5) was the
smallest cluster with 10 members.

A time representation of the clusters was generated
(through CiteSpace) using the document co-citation network
to analyze each cluster’s development concerning dynamic
changes in the research area. Fig.21 shows the clusters and
period of each cluster. Notably, the high coverage period is
shown in cluster 10 (13 years from 2003–2016). In contrast,
cluster 4 and cluster 12 indicate a shorter period (6 years from
2004–2010) of citation.

L. CRITICAL LITERATURE REVIEW (CLR) OF CO-CITED
DOCUMENTS CLUSTERS
The prominent STC features were deduced based on
the cluster’s results from the document co-citation clus-
ter analysis. However, each node’s label represents its
intellectual concepts based on the articles cited in the
selected 306 documents, which may generate vague knowl-
edge on the confronting challenges in the specified investi-
gated area. For instance, the label of cluster 6 revealed that the
majority of the works depict current research development.

However, the coverage period (2004–2011, as highlighted in
Table 12) shows literature older than the last 5 years. There-
fore, this study combined the cluster analysis (as discussed
in section IV-4) of bibliographic data with a CLR to better
understand STC research concepts and cover all relevant
research themes. A CLR of the collected information reduces
the ambiguity in research interpretation and helps identify the
concerned research themes and challenges intended for future
focus.

Bibliographic data were insightfully analyzed by focusing
on the research themes (recognized from the co-cited doc-
ument clusters) chronologically to perform the CLR. Fur-
thermore, Nvivo was used to determine the distribution of
the cited publications over time. The top-ranked terms were
in the focused cluster, highlighting the latest research trends
in the intended area. The in-depth detail of each cluster is
described in the subsequent subsection.

1) CLUSTER 0: COMMUNITY STRUCTURE
The largest cluster was cluster number 0, with 44 members
and a 0.80 silhouette value, signifying high reliability. The
ranked terms (as shown in Fig. 22) indicated that the clus-
ter members represent the STC aspects related to the com-
munity (team) and its organization, such as socio-technical
relationships, development behavior, team communication
design, and structure. The graph in Fig. 22 presents the entire
coverage of cluster 0, including the distribution of the cited
studies from 2003–2012.
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TABLE 12. Co-cited document clusters and features.

FIGURE 22. Cluster 0 with a cloud of top-ranked terms and coverage
period with the number of studies.

Kwan et al [5] appeared to be the most active citer in
cluster 0. The authors established an STC framework to ana-
lyze the social and technical aspects of the IBM Rational
Team Concert and discussed the effects of congruence on the
software’s build success.

Other researchers (cluster 0 members) have highlighted
a community structure’s role in software development from
different perspectives. For instance, Amrit et al [85] analyzed
the socio-technical pattern of OSS projects to identify the
key members in the OSS community. They also measured
the influence of core-periphery structure on team members.
Schoter et al. [100] presented a developer recommendation
technique in organizational software development. The pro-
posed technique combined an organization’s social and tech-
nical dimensions to determine a key developer that could
avert software failure. Furthermore, an important feature
(i.e., awareness) related to community structure regarding
distributed software development was highlighted by Kwan
and Damian [11]. The concept of awareness was included in
the STC framework to investigate team behavior. The authors
also emphasized the role of experienced team members in
globally distributed software development.

Le and H [103] identified the relationship between product
and community structure and analyzed the effect of product
structure on community structure and vice versa through dif-
ferent modeling techniques. The study highlighted the influ-
ence of product and community structures’ co-evolution on
OSS quality. Similarly, Bird [86] highlighted the influence of

FIGURE 23. Cluster 4 with a cloud of top-ranked terms and coverage
period with a number of studies.

development team changes on software quality in the context
of OSS. The authors depicted that team changes are depen-
dent on the decisions of stakeholders based on the experience
and skills of developers, thereby affecting the final software
product’s development. Furthermore, Rytsareva et al [84]
used clustering to evaluate the socio-technical coordination in
OSS communities. The cluster-based approach classified the
evolving OSS community according to the communication
patterns among different members.

2) CLUSTER 4: SOCIO-TECHNICAL CONGRUENCE
The second-largest cluster (cluster number 4) had a silhou-
ette value of 0.88, signifying its high reliability. The cluster
included all publications related to STC, focusing on different
aspects, techniques, and tools of STC measurement. Fig.23
highlights the coverage period and a cloud of top-ranked
terms (collected from the studies in this cluster), indicating
the cluster’s significance and main theme, respectively. The
peak year of citation identified was 2013, in which many
researchers have cited STC-related publications. On the other
hand, the cloud of keywords included prominent terms, such
as ‘‘technical,’’ ‘‘coordination,’’ and ‘‘team network,’’ reveal-
ing the focus of cited publications in cluster 4.

The most active citer in this cluster was Suali et al. [99],
whereby authors presented a STC technique to assess the
influence of Socio-technical coordination on software qual-
ity. Besides this, various researchers in cluster 4 focused
on the challenges of STC measurements. For instance,
Mens [101] highlighted the challenges arising during soft-
ware maintenance and evolution in large ecosystems and
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FIGURE 24. Cluster 6 with a cloud of top-ranked terms and coverage
period with a number of studies.

explored that these challenges could be reduced by uti-
lizing efficient STC measurements. Wang et al. [58] pre-
sented the concept of transgressive incongruence and found
the negative effect of excessive congruence (i.e., unneces-
sary communication among developers) on software quality.
Kilamo et al. [104] explored the role of developer commu-
nication in STC measurement and discussed the influence
of different software development strategies on developers’
communication patterns.

Numerous other studies (in cluster 4) proposed mod-
els and techniques for measuring STC. For instance,
Zhang et al. [60] proposed a building-level STC model to
measure the fit between coordination needs and actual
coordination activities. The applicability of the proposed
model was investigated through the continuous prediction
of software defects. Zhang et al. [16] introduced a new
STC measurement technique for the file level and investi-
gated the relationship between STC and bug proneness in
OSS projects. The study primarily contributed by provid-
ing a coordination breakdown required to reduce coordi-
nation issues in OSS development. Concerning information
technology, Landegren et al. [59] presented an IT network
as a Socio-technical system. The system’s resilience was
assessed using simulation-based methods, whereas the sys-
tem managers were considered decision-makers. Similarly,
Sobri et al. [105] presented a novel method to determine the
relationship between STC and team performance using an
incremental software development model.

3) CLUSTER 6: CURRENT RESEARCH
The third main research theme identified, ‘‘current research’’
(cluster 6), had 20 members and a silhouette value of 0.92.
As depicted by the theme name and cloud of keywords (see
Fig. 24), the publications included were related to STC devel-
opment and the modern era (i.e., evolution in STC-related
constraints, techniques, tools, and applications). Fig.24 also
indicates that the studies classified in this cluster are mainly
published from 2004–2011.

This cluster’s main representative article is Schroter [100],
which highlighted STC’s evolution related to industrial
development. The study explored and listed the prominent
human aspect that must be considered in STC measurement

FIGURE 25. Cluster 9 with a cloud of top-ranked terms and coverage
period with a number of studies.

concerning software development. Various studies in cluster 6
focused on using automated tools to facilitate STC measure-
ment. For instance, Syeed et al. [87] proposed an STC-based
automated tool that analyses and visualizes OSS develop-
ment data through different data services. MacKellar [106]
proposed a tool based on STC to suggest and support coor-
dination activities during software engineering project devel-
opment. Damian et al. [107] presented the role of distributed
domain knowledge and multi-communication structure in
STC. The authors identified that the accessibility to dis-
tributed domain knowledge affects coordination activities.

4) CLUSTER 9: PRODUCT STRUCTURE
Cluster number 9 (labeled as ‘‘product structure’’) consisted
of 18members and showed a silhouette value of 0.96, demon-
strating its high reliability. Fig.25 displays the term cloud and
coverage graph of cluster 9. The term cloud indicates themain
theme components (i.e., product structure), whereas the graph
represents the number of studies cited from 2004–2011. The
peak of the cited publications was in 2008.

The illustrative article for cluster 9 was by
Rytsareva et al. [84]. This article investigated the relationship
between organizational (product structure) and communica-
tion structure in OSS communities. The study revealed that
a product structure reflects the community communication
structure. Therefore, a project can be successful if these struc-
tures match. However, many studies in this cluster focused
on a communication structure that enhanced product quality.
Le and H [103] explored the influence of product and com-
munication structures on STC through different dependency
modeling techniques. Dependency modeling was utilized to
illustrate the structure and evolution of products. The results
revealed that a good product and communication structure
implies significant product quality. Similarly, Zanetti [50]
highlighted the importance of STC by referring to a need for
a unified product framework that considers various factors,
such as technical dependencies, human factors, and social
aspects. Additionally, Amrit and Hillegersberg [85] showed
the influence of a social network consisting of core periph-
eral developers on the structure of OSS projects. The study
revealed that a communication tool helps identify coordina-
tion problems that affect OSS projects.
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FIGURE 26. Cluster 10 with a cloud of top-ranked terms and coverage
period with a number of studies.

5) CLUSTER 10: KEY DEVELOPER
The research theme ‘‘key developer’’ (i.e., cluster 10) con-
sisted of 18 members and achieved a silhouette value of
0.025, showing the cluster’s reliability. Fig.26 presents the
term cloud and shows the ingredients of the cluster’s research
theme. Meanwhile, the graph shows the number of studies
published from 2003–2016. The period 2008–2009 was iden-
tified as the peak period of citation. Mens [101] identified the
prominent and active citer of this cluster and highlighted the
role of developers in different phases of software develop-
ment, such as design, analysis, maintenance, and evolution.
Other researchers focused on developing tools that could map
teamwork according to product structure. For instance, Geor-
gas and Sarma [108] developed Stcml, a tool for STC model-
ing using extensible XML-based language. This tool’s main
purpose was to identify the core structural components and
key developers to measure STC efficiently. Oliva et al [109]
proposed an STC tool to identify the core product compo-
nents and key developers. The developers were classified
based on contribution and coordination activities. Two cate-
gories of developers were identified for STCmodeling: devel-
opers acting as a bridge and rarely coordinating developers.
Kerzazi and El Asri [110] proposed a method to identify the
core team members in virtual OSS communities. The core
members were deemed as the most significant people and
were related to the code review activity. Thus, identifying
core members affects the social and technical dimensions
of STC measurement directly. Palyart et al [61] facilitated
the identification of developers who frequently interact in
projects with component dependency to achieve coherence
with product structure.

6) CLUSTER 12: COORDINATION REQUIREMENT
The last cluster, cluster 12 (labeled as ‘‘coordination require-
ment’’), was the smallest with 10 members. The cluster
showed high reliability by achieving a 0.977 silhouette value.
The coordination requirement was an aspect of STC based on
different types of artifacts (i.e., technical or social artifacts).

Cluster 12 contained articles that mainly discussed various
types of coordination requirements, methods, and tools (as
illustrated in terms cloud in Fig. 27). The articles were mostly
cited in 2007. The results showed that Blincoe et al.’s [55]

FIGURE 27. Cluster 12 with a cloud of top-ranked terms and coverage
period with a number of studies.

study is the representative article in cluster 12. The article
proposed an STC tool to quantify the developer’s coordina-
tion requirements based on live database analysis. Similarly,
Blincoe [57] suggested a method to timely and efficiently
identify developers’ coordination requirements using a prox-
imity tool presented in [55]. Fauzi et al. [111] also explained
variousmethods for measuring the coordination requirements
in the mechanism of software configuration management,
particularly in GSD. Moreover, Bettenburg [112] presented
a method of extracting coordination requirements from soft-
ware repositories with different data mining techniques.

V. STAGE 3: RESULT INTERPRETATION
This scientometric study utilized four scientometric tech-
niques: co-word analysis, co-author analysis, co-citation
analysis, and cluster analysis. This study was undertaken
to report STC’s publication trend and evolution in software
development. The result of each technique is briefly summa-
rized in this section.

The present study identified two key research areas in the
STC domain based on co-word analysis, which included a
network analysis and density visualization of co-occurring
keywords. The first area involved studies related to the appli-
cation of STC in software engineering. The second area
included publications on STC about software design basics,
development, and challenges.

Subsequently, the significant associations among
researchers from various institutions and countries were
determined through network analysis and the mapping of
relationships among authors (i.e., co-author analysis). The
results revealed evolution in the STC field from its concep-
tion, as described by Cataldo et al [9], to recent developments
in STC models and factors, such as awareness, community
smell, technical dependencies, human factors, and social
aspects. Furthermore, the major countries and groups that
lead STC research and exhibit important roles in this area’s
progress were also identified. Concerning countries’ contri-
butions, 40% of the publications originated in the United
States and Canada.

Concerning co-citation analysis (the third scientometric
technique), the obtained network maps were not as strong as
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TABLE 13. Summary of co-cited document cluster analysis with prominent keywords.

in the previous two networks (i.e., co-word and co-author).
The main reason for the weak co-citation network maps
was the small number of publications in the last few years,
revealing that STC is a relatively emerging field. However,
the analysis of co-citation networks helped identify promi-
nent journals and conferences that published dominant fig-
ures of STC-related articles. In the past 5years, numerous
papers have appeared in recognized journals and conferences
emphasizing STC in software development. Concerning pub-
lication sources, the journal ‘‘Communication ACM’’ and
conference ‘‘International Conference on Software Engineer-
ing’’ showed many studies.

Table 13 summarizes the outcomes of the documents’
co-citation cluster analysis, listing the major research themes,
top-cited documents (representative citations), significant
research focuses (via prominent keywords), and peak cited
years. The in-depth cluster analysis revealed that the identi-
fied research themes were named based on highly cited refer-
ences within the intended theme. Additionally, we analyzed
these themes by investigating the main studies of each theme.
Additional details for each theme are as follows:

• In the first theme identified, the phrase ‘‘community
structure’’ was obtained via prominent keywords (the
top 10 keywords are listed in Table 13). The highlighted
keywords depicted that studies in this cluster focused on
the effect of team structure and organization on devel-
opment outcomes. The prominent studies of this cluster
utilized most of the references from 2008.

• In the second theme identified (‘‘Socio-technical con-
gruence’’), the keywords obtained represented that the
studies paid more attention to different aspects and
issues of STC measurement techniques and models. For
example, work team outcomes and social interaction
among team members. The peak referred citation year
of this cluster is 2013.

• The studies in the third theme (‘‘current research’’)
focused on the challenges and under-investigated areas
of STC (as evident from the keywords collected). The
phrases ‘‘predicting failure,’’ ‘‘software team,’’ and
‘‘investigating human aspect’’ represented the promi-
nent areas of STC. Furthermore, most citations were
identified from 2009.
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• The fourth theme (‘‘product structure’’) represented
researchers’ focus on the relationship between STC and
the composition of software products. From the collec-
tion of keywords, ‘‘informal communication’’ achieved
the highest frequency (48), whereas ‘‘collaborative
research’’ obtained the minimum frequency (21). The
peak identified citation year in this cluster is 2008.

• In the fifth theme identified (‘‘key developer’’), the
prominent studies covered different characteristics of
software developers, techniques, and methods to rec-
ognize core developers in software development. The
years 2008 and identified as peak citation years for this
research theme.

• Studies in the sixth theme (‘‘coordination requirement’’)
presented techniques to compute one of the STC compo-
nents. These included ‘‘work dependencies,’’‘‘software
development organization,’’‘‘developer activity,’’ and
other aspects (as mentioned in Table 13). The year 2007
appeared as the peak cited year of this cluster.

In summary, the cluster analysis results showed that signif-
icant STC-related articles were published from 2007–2013.
The year 2008 was considered the most significant year as it
had the most cited works. Concerning the evolution of major
research themes’ keywords, STC has gained increased atten-
tion in software development in recent years. Nonetheless,
it can be envisaged that this research area will become central
for future software developers and communities by analyzing
the number of publications.

This scientometric study was the first to report the pub-
lication trends and research patterns related to STC to the
best of our knowledge. This study attempted to collect and
analyze all relevant data comprehensively. However, some
limitations still exist. First, the study aimed to utilize all pos-
sible keywords related to the intended topic. However, some
false-negative and false-positive results may have existed in
the study as it could have included imprecise bibliographic
data. Second, the data may contain researcher and institution
names with different spellings (extracted from the WoS and
Scopus databases). Therefore, multiple profiles for the same
author may exist.

VI. CONCLUSION
STC has started gaining the attention of researchers due
to the development of large-scale, high-quality software for
numerous fields. Although various literature reviews on STC
have previously been conducted, they may be prone to sub-
jectivity. Indeed, the literature lacks research on certain STC
aspects. More specifically, limited research has analyzed
STC’s implementation applicability and issues in software
engineering strategies for OSS development. An enhanced
awareness through insightful and focused attention on STC
research may promote commercialized software support.
Therefore, the present study conducted a scientometric anal-
ysis based on bibliographic data to understand STC’s status
quo, latest trends, and themes. Additionally, a CLR was
performed through a detailed analysis of co-cited document

clusters to provide insight into STC-related concepts. This
study provided an insightful perspective and visualization
maps of STC related literature that benefit researchers and
software practitioners to understand the research field, its key
applications and significance in software development.

The main contributions of the current study can be pre-
sented in four-folds. Firstly, a novel and better understanding
of the STC concept based on the historical point of view and
quantitative analysis is presented in this study, which provides
a roadmap to the researcher to determine the evolutionary
trajectories of the STC domain. Secondly, the applicability
of four scientometric techniques covers every aspect of STC
research such as research patterns, significant collaborators,
countries, institutions, journals and conferences, and promis-
ing research directions. Thirdly, the cluster analysis with con-
sideration of timeline helps to discover the key research topics
and trending themes in STC. This can provide an approach
to deeply understand the research topics and development
growth related to STC. Lastly, this study provides a paradigm
for future studies to explore the evolution in information
related to STC research.

This study provided the first scientometric analysis on
STC using 306 studies collected from WoS and Scopus
from 2000 to 2020. Four scientometric techniques were
applied: co-word network analysis, co-author network analy-
sis, and co-citation network analysis. This was undertaken to
identify the core researchers, publications, institutions, coun-
tries, and research sources in the STC domain. The analysis
exhibited that most works in the STC field were performed in
isolation with respect to researchers. Therefore, the findings
suggest that researchers should collaborate to improve the
coordination, conversation, and exchange of diverse intellec-
tual ideas. This scientometric analysis of bibliographic data
clarified the results and findings on software development-
related STC research by using the VOSviewer, CiteSpace,
and Nvivo scientometric tools.

Despite the deliverables of the current study, the results
are prone to few limitations. For instance, an STC-related
article search was performed based on the initially selected
keywords, constraining the latest literature’s boundaries. The
study did not focus on the exact mechanism of research
employed as it is beyond the scope of this scientometric study.
In the future, the research community should attempt to focus
on improving the identified aspects of STC. They should also
seek solutions to combat challenges in STC research related
to software development.
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