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A B S T R A C T

Context: Lack of coordination may create significant problems between work teams, this problem is even most
critical when team workers are geographically distributed as it results in cost increases and delays in the pro-
jects. There exists a technique called Socio-Technical Congruence (STC) that aims at helping to measure and
control the coordination level existing in an organization at their different levels.
Objective: The objective of this paper is to carry out a systematic mapping of the field of socio-technical con-
gruence. The aspects of particular interest for this article are: Socio-Technical Congruence definition, different
ways to measure it, available tools to measure or that can help to measure it, the areas of application, its benefits
and the case studies that analyze the effects Socio-Technical Congruence has on the organization as regards the
products quality and the improvements in performance in the long term development, in an attempt to char-
acterize the state of the art of this field identifying gaps and opportunities for further research. Therefore,
companies could use this work as a starting point to apply STC measures in their work teams.
Results: This paper presents the results of a systematic mapping of Literature about Socio-Technical Congruence
(STC) in order to investigate and classify the existing articles and conferences about the subject, as well as
summarizing the most important aspects in regards to provide a general overview about the existing studies.
Conclusions: After analyzing the 40 papers found, we can conclude that there is no one standard measure of
socio-technical congruence, although most take the proposal by Kwan et al. applying adaptations and im-
provements on it as regards the environment that it will be focused on. In general, most case studies talk about
the benefits of STC control in organizations. However, only one paper focus on global software development
where the problems of communication, coordination and control are an important risk. Moreover, there are only
a few papers that explore the risks of excessively overloading users with coordination iterations when controlling
STC. In fact, no case study to examine these risks and their effect on developers’ productivity has been found. The
small number of studies found on STC, together with the research gaps we have pointed out, suggest that further
investigation on socio-technical congruence is required.

1. Introduction

It is becoming increasingly common for development teams of
software organizations to find themselves distributed and geo-
graphically separated. Distribution and modularity of software devel-
opment have as their main objective to reduce labour costs, but this
does imply implicit risks connected with coordination gaps [1]. Lack of
coordination may create significant problems between work teams, all
of which results in increases in costs and delays in the projects, and
these effects could counteract the modularity and task externalization
[2]. This issue is even more problematic in both distributed develop-
ment and global software development; interest has thus grown in or-
ganizations as regards measuring, assessing and correcting the level of
coordination reached among their work teams [1].

There exists a technique called Socio-Technical Congruence (STC)

that aims to help measure and control the level of coordination existing
in an organization at its own different levels [3]. This is the concept of
Socio-technical congruence, defined in [3](page 1) as follows:

“A technique to measure task dependencies among people, and the ‘fit’
between these task dependencies and the coordination activities per-
formed by individuals”.

With the help of the right mechanisms, an organization can correct
the coordination gaps early, thus avoiding possible misunderstandings
caused by a lack of information that ends up delaying the work, or in
the worst-case scenario, leading to the failure of the project [1].

Aware of the importance of this topic, the software factory (name is
omitted by privacy) with which we are working on the LPS-BIGGER
project (http://www.cienlpsbigger.es/pt4-bigdata-en-el-software.html)
asked us to design and implement a tool that could be used to measure
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the STC in this company as it is very interested in monitoring the co-
ordination among employees, projects and the different factories that
this company has in order to detect a lack of coordination and prevent
possible problems in advance. Before starting, we decided to analyse
the related literature in order to discover which the best STC measure
was and whether there was a tool that would fulfil the company's needs,
in which case the company could perhaps buy it. After doing so, we
realised that we had found no information about a standard measure for
STC, best practices for designing tools to support STC or a tool that
would fulfil our needs. In order to discover whether we had overlooked
an important paper about the topic we therefore decided to perform a
systematic mapping review. To the best of our knowledge, there is no
previous systematic study in the field of socio-technical congruence. In
our study we focus on a definition of socio-technical congruence, along
with different ways in which to measure it, and discover the tools
available to measure it, or that can help to do so, along with the areas of
application. We also seek to look at the benefits and risks of measuring
STC, along with the case studies that analyze the effects that socio-
technical congruence has on the organization as regards product quality
and improvements in performance in long-term development. We have
thus attempted to characterise the state of the art of this field, identi-
fying gaps and opportunities for further research.

This paper, then, presents the results of a systematic mapping of
literature about socio-technical congruence, aiming to investigate and
classify the existing papers and conferences about the subject, as well as
to summarize the most important parts, so as to provide a general
overview of the existing studies. The paper is organized as follows:
Section 2 presents the related work, and Section 3 describes how the
systematic mapping was planned. In Section 4 a description of the
search conducted in the study is set out. The scheme used to classify the
papers obtained in the search is presented in Section 5, while in
Section 6 we present the results we obtained during the study. The
research questions are answered in Section 7. Finally, Section 8 sum-
marizes the conclusions of the paper and outlines challenges that may
lead to future research.

2. Related work

To the best of our knowledge, in the relevant literature there are no
systematic literature reviews (SLR) or systematic mapping studies (SMS)
which deal with all the issues that have to do with socio-technical con-
gruence. It is true, however, that there is a partial systematic review by
Betz et al. [4] that examines empirical research related to Conway's law
and its application for cross-site coordination. Conway's law is therefore
the starting point of socio-technical congruence. The research presented
in [4] summarizes findings from a systematic review of empirical studies.
These studies validate the importance of socio-technical congruence by
looking at the pros and cons of congruent and incongruent scenarios,
studying the evolution of socio-technical congruence over time.

There is also a piece of research from Portillo [1] that allows the
state of the art to be established, giving a brief review of the different

metrics established for socio-technical congruence, as well as of their
possible applications. The different metrics presented in this paper can
be divided into two well-differentiated groups: metrics based on ma-
trices and metrics based on social networks. Similarly, two main ap-
plication areas for socio-technical congruence can be highlighted:

• Socio-technical congruence control oriented toward management: to
help in decision-making processes.

• Socio-technical congruence control oriented toward the user: to
raise awareness regarding changes in the work artefacts.

These data make it clear that a complete systematic review or a
systematic mapping study are needed if we are to gain a thorough
understanding of the state in which research into socio-technical con-
gruence finds itself. Furthermore, in addition to the shortcomings that
can be noted in the studies [1,4], it must be observed that they include
only studies published until 2012 and 2011, respectively.

3. Search process

The purpose of this study is to determine and characterize the state
of the art of socio-technical congruence in software engineering, ana-
lyzing the existing proposals and research work, thus identifying po-
tential gaps, risks and opportunities for future research.

To carry out this systematic mapping, we followed the re-
commendations in [5,6]. In this section we present the planning of each
step of the study: research questions, data sources and search strategy,
along with the classification. We have based on in order to carry out the
research protocol that has been produced to conduct the Systematic
Mapping Study, as presented in Fig. 1.

3.1. Definition of research questions

The Systematic Mapping Study conducted helps to answer the fol-
lowing research question that was proposed in (RQ), and at the same
time, this question has been divided into more questions (RQ1-8, see
Table 1):

Defini�on of 
Research Ques�on.

Defini�on of 
Search Terms

Defini�on of 
Search String

Inclusion and 
exclusion criteria

Selec�on of the 
search sources

Research 
development

Study 
selec�on 

procedures

Screening of 
papers

Gathering 
important 

studies

Removal of 
repeated 

cases
Snowballing

Results of the 
systema�c mapping Classifica�on schema Data 

extrac�on Results
Answering of 

Research 
Ques�ons

Fig. 1. Research protocol.

Table 1
Research questions.

Ref. Questions

RQ1 How has socio-technical congruence been defined in literature?
RQ2 What are the properties of socio-technical congruence?
RQ3 What benefits and risks can socio-technical congruence provide to the

organizations?
RQ4 What ways of measuring socio-technical congruence have been proposed?
RQ5 What are the pros and cons of different ways of measuring socio-technical

congruence?
RQ6 In what areas can socio-technical congruence be applied?
RQ7 What kind of available tools help to measure Socio-technical congruence?
RQ8 What case studies have been published about Socio-technical congruence?
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RQ: What has been published about socio-technical congruence in lit-
erature since 2000?

This question was unfolded into those set out below, in order to
make the investigation clearer and easier:

The reason why this research considers only publications after 2000
is because, although the first evidence of the use of the term “socio-
technical congruence” was in Cataldo et al. [3] when it was defined, we
decided to broaden the research range back to the year 2000 to make
sure that the results are complete, and also to verify that there is no
work prior to Cataldo's on this topic.

3.2. Definition of research terms

To decide the terms involved in our search, we conducted a non-
systematic review of the literature dealing with socio-technical con-
gruence. The most important terms and keywords used to refer to this
topic were extracted from significant papers, along with every variation
of the term “socio-technical congruence” used by authors. The candi-
date terms that subsequently formed the most suitable search string for
the research are shown below in Table 2.

3.3. Definition of the search string

Several search strings combining the candidate terms were studied;
S1 (see Table 3) was eventually chosen as the most suitable chain for
the investigation. S1 was selected after verifying that the results and
adaptation obtained previously included every important paper that
had been studied in an earlier non-systematic review. It was also chosen
after confirming that it excluded a great amount of papers that were not
of interest to us, since these dealt neither with congruence nor the tools
to measure it. S1 is included in each variation of the term “Socio-
Technical Congruence” that has been used by several authors in papers
studied previously. The term “coordination” has also been included,
because it is common in every definition of socio-technical congruence
found in the documents studied in the non-systematic review of lit-
erature mentioned above.

The string chosen was adapted in a specific way for each of the
digital libraries because of search source limitations where the insertion
of complex strings was not allowed. Adaptation of different search
sources can be found in APPENDIX B.

3.4. Inclusion and exclusion criteria

The objective of this review was to discover all the papers that
present any research related to definition of Socio-Technical
Congruence, the advantages of using this, and the tool applied to cal-
culate it; these papers had to be written in English and published after
2000. The documents that met the following criteria were therefore
admitted:

1. Documents that answer our research questions, in other words:
a. They describe what Socio-Technical Congruence is.
b. They describe tools that help to measure socio-technical con-

gruence.
c. They describe the benefits and risks of socio-technical

congruence.
d. They describe the application areas of the socio-technical con-

gruence.
e. Case studies about socio-technical congruence.

2. Duplicate studies. When several papers are written by the same
authors describing the same topic, the most complete one will be
considered.

3. Documents published after 2000.
4. Documents written in English.

The following exclusion criteria are applicable in this review; that
is, the kind of studies that are excluded are:

1. Those papers that do not focus on Socio-Technical Congruence.
2. Those documents that say that they use socio-technical congruence,

but their goal is not to describe socio-technical congruence itself,
nor to specify tools for measuring STC or to discuss case studies
about STC.

3. Those documents where the search terms appear only in the refer-
ences.

4. Repeated documents. The first instance found will be considered.

3.5. Source research election

The databases chosen were Scopus, ACM and IEEE Explore, since
they include the most important conferences about the topic, such as
The International Conference on Global Software Engineering (ICGSE)
and the International Conference on Software Engineering (ICSE). In
Table 4 these data sources are shown, together with the criteria applied
to the results obtained using the search string in each of them:

4. Primary study selection process

This section describes the process that has been followed to carry
out the search for primary studies used to define the state-of-the-art: the
process of study selection procedures, results obtained in search source,
data extraction and classification of different documents.

Table 5 displays the quantity of papers selected in each of the da-
tabases chosen after the search, which was conducted on February 8,
2016.

The meaning of each column of the Table 5 is explained follows:

• Found: papers found in each database using the search string.

• Relevant: The papers selected from the initial search results con-
taining the search terms in the abstract, the introduction, keywords
or title.

• Not repeated: Papers considered relevant that had not yet been found

Table 2
Research terms.

Ref. Term Ref. Term

T1 Socio-Technical Congruence T2 Socio Technical Congruence
T3 SocioTechnical Congruence T4 Technical dependencies
T5 Social dependencies T6 Socio technical relationship
T7 Software dependencies T8 Coordination

Table 3
Research string.

Ref. String

S1 ("technical dependencies" or "technical dependency" or "social dependencies" or
"social dependency" or "software dependencies" or "software dependency" or
"socio technical relationship" or "socio technical congruence" or "socio-technical
congruence" or "sociotechnical congruence" and "coordination")

Table 4
Database and search criteria for the result screening.

Digital Library Options

IEEE Explore 2000–2016, Conference Publication, Journal & Magazines
ACM 2000–2016, Proceeding, Journal & Magazines
Scopus 2000–2016, Computer Science, Conference Papers, Papers,

English
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in other databases.

• Primary: After reading the full paper we realise that these papers
were suitable for our research as they fulfilled the inclusion criteria.

4.1. Snowballing

We should point out that the search for primary studies was re-
cursive (Snowballing). That is, once a primary study had been identified
in one of the data sources, the references in that primary study were
explored recursively by following the same search criteria. The
‘Snowballing’ method was conducted to find more documents, fol-
lowing the model described by Wohlin in [7], since a low number of
primary studies had already been obtained. After this new search, 11
extra documents were collected, leaving a total of 40 primary studies.

5. Classification schema

After reading the papers, we realised that they could be classified
into seven categories according to the research question that the paper
answered. This classification of the papers helps us to process their
information. These categories describe, for instance, the existing STC
measures; it was detected that within this category there were two main
sub-categories: those based on matrices and those that were based on
social networks. Apart from those, we found another group of papers
describing case studies. These can be divided into sub-categories of case
studies carried out in an academic environment, others performed in a
business setting, and those conducted in open source settings. The
studies have thus been classified into the different types represented in
Fig. 2:

It was considered that to justify forming a new category there had to
be two or more papers on the same subject. This principle led us to
establish the “others” category, which includes documents that are not
sufficient in number for them to warrant their having their own group.

6. Results of the mapping

This section shows the statistics of the results obtained, such as
papers found, publication forums, annual evolution of publications, the
countries that contribute the most, research environments, etc.

Having finished the search, a classification of the papers was con-
ducted once the whole content had been read, taking into consideration
the classification schema defined in Fig. 2 and the classification form

shown in APPENDIX C. Some of the papers were included in two dif-
ferent categories, as they contained information that was clearly dif-
ferentiated and that could be studied separately; an example would be
those papers presenting measures which also had study cases. The
diagram in Fig. 3 presents the number of papers that were found in each
category. APPENDIX A specifies the categories into which they were
classified. The papers classified into two different categories have been
counted separately for Fig. 3. The total amount in the diagram is
therefore higher (49) than the number of primary studies (40).

Based on the results shown in the chart in Fig. 3, it can be stated that
there is a great amount of publications about tools. However, it is im-
portant to consider that the vast majority of the papers of this kind deal
with tools whose purpose is to help extract information so that socio-
technical congruence can be measured, rather than to actually carry out
that measurement themselves. The case study category, which has been
conducted mainly in the business environment, is particularly worth
highlighting. It can be seen that there is a lack of studies in open source
(only 6 papers) and academic environments (only 2 papers), where the
results of the few studies that do exist are very dissimilar. We would
have liked there to have been a few more papers that analyzed the risks
of overloading users with information telling them how to increase
socio-technical congruence; these risks are only briefly explained by
Valetto et al. in [8].

Fig. 4 illustrates the evolution of the number of papers over time.
The first publication that we are aware of about a tool [9] that could
subsequently be used to help in the measurement of socio-technical
congruence came on the scene in 2005, although it is true that the term
was defined in 2006. In that year two publications appear: the first one
addressed the issue of socio-technical congruence [3] and the other
presented a new tool to help measure it [10]. In 2007 another definition
of congruence and new tools emerged, now making a total of 3 papers.
2008, it must be noted, clearly stands out as the year with most pub-
lications on this topic of socio technical congruence, with a total of 7,
followed by 2009, with 6 publications. Over these two years, great
interest was aroused on the topic, with a total number of papers that
was greater than for all the previous years combined. In 2010, there
was a drop in the number of publications, but the amount then grew
again in the subsequent years, reaching 5 publications in both 2012 and
2013. It can be seen that 2015 was the year with the fewest number of
papers published since the term socio-technical congruence was defined
(2006), as only one publication was found. This 2015 paper is a thesis
compendium of publications [11], which includes several pieces of
work that have been studied separately [12–14]. Although the search
was conducted on February 8, 2016, no paper from this year has been
included in Fig. 4, since no result was found.

Fig. 5 shows the evolution of the publications over time with respect
to the categories in Fig. 2. This diagram allows us to observe where the
focus of interest is as regards the knowledge acquired about socio-
technical congruence. In Fig. 5 it is clearly observable that proposals for
socio-technical congruence, or evolutions of the measures mentioned
above, have been published almost annually, with respective case

Table 5
Databases and the papers selected for each stage.

Digital Library Found Relevant Not repeated Primary

IEEE Explore 238 26 26 16
ACM 38 17 9 8
Scopus 287 57 29 5
Total: 563 100 64 29

 

Socio-Technical 
Congruence

STC 
Measures

Based on 
matrices

Based on 
social 

networks

Tools Others Case studies

Academic 
environment

Business 
environment

Open Source 
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Fig. 2. Classification Schema.
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Fig. 3. Number of papers per type.

Fig. 4. Number of papers per year.

Fig. 5. Number of papers per type and year.
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studies to prove their effectiveness. Research on socio-technical con-
gruence has shown increasing interest in open source environments. In
fact, the great majority of studies found over the last three years have
focused on those kinds of environments. The use of tools is another area
where there were more publications than in the rest of the topics. On
the other hand, of those published, there were only a few papers de-
scribing case studies applied in academic environments.

We should point out that most of the papers found were published in
conferences, making up 77% of the total, followed by publications in
journals (18%) and theses (5%), as shown in Fig. 6.

As regards the forum where papers were published, we found that
the conferences where most papers have been published on this topic
are: the International Conference on Software Engineering (ICSE), with
a total of 11 papers; it is indeed the most distinguished forum, both
globally and annually. The forum with the next-highest number of
papers was the Conference on Computer-Supported cooperative Work
(CSCW), with three documents. The other publications can be seen in
Table 6, where the first column shows the names of all publications in
which documents have been found; the second column shows the
number of papers in each of those publications.

We also analyzed the countries where the authors work. It was found
that 49% of authors made contributions from organizations and uni-
versities in the United States, followed by Sweden, with 13%. The origins
of the remaining 38% were very widely-dispersed, as shown in Table 7.

As regards the environment where the studies were conducted, it
can be found that 73% of these belong to the academic field, compared
to 27% of studies that are developed by the industry, as can be seen in
Fig. 7.

7. Research questions

In this section we present an analysis of the primary studies ob-
tained; this was performed following the classification criteria and re-
search questions that have been outlined previously. On the basis of the
analysis carried out on the primary studies selected, the answers to the
stated research questions are as follows:

7.1. RQ1. How has socio-technical congruence been defined in literature?

In this section the different definitions found are presented, several
of which belong to the same authors. However, they improved or made
them more specific in later papers. In 1968 Melvin Conway [15](Pg. 31)
suggested that “Organizations which design systems … are constrained to
produce designs which are copies of the communication structures of these
organizations” ; this is known as “Conways’ law.” In 2006, an in-
vestigation branch dealing with ‘Socio-Technical Congruence’ appear-
ed—in which Conway's study [15] was taken as a base—. This term was
coined by Cataldo and his colleagues in [3] (page 1), where it is defined
as follows: “A technique to measure task dependencies among people, and
the ‘fit’ between these task dependencies and the coordination activities
performed by individuals” . Similarly, in [16] (page 4), these same au-
thors redefined the term as “The match between the coordination re-
quirements established by the dependencies among tasks and the actual
coordination activities carried out by the engineers.” Finally, in [17] (page
345), they concluded that the definition is “The degree of matching be-
tween two elements, coordination requirements and actual coordination
activities.” This definition is more general than previous ones, as in the
first definitions only people are considered. However, this one considers
other entities that need coordination, such as factories, projects, teams,
etc.

In a similar vein, according to Wan et al. [2] (page 1), socio-tech-
nical congruence is referred to as “The fit between an organization's co-
ordination requirements and an organization's social interactions” . In this
case the term socio-technical congruence is applied to the organiza-
tion's general coordination needs. However, in the following definition,
found in the same paper, the focus is much more specific as they talk
about software development projects: “An intuitive way to compare re-
quired coordination effort within a software development project with the
actual ongoing coordination”. In [18] (page 1), meanwhile, they omitted
the word coordination, and use the concept of relationships instead,
defining the term of socio-technical congruence as “The alignment be-
tween a team's interpersonal relationships and work-derived technical re-
lationships.” The same authors put their definition into context in [19]
(page 1), and therefore state; “An approach that measures coordination by
examining the alignment between the technical dependencies and the social
coordination in the project”.

Other authors, such as Wagstrom et al. in [20] (page 1), simplify the
definition, “Socio-Technical Congruence relates the actual communication
of an organization to the coordination requirements of that organization as
derived from the dependencies among the tasks performed.” Sarma et al.
also proposed another definition in [21] (page 1). The definition pro-
posed by Cataldo is therefore paraphrased as: “The state in which a
software development organization harbors sufficient coordination cap-
abilities to meet the coordination demands of the technical products under
development”. In this case, the concept is not focused on personal co-
ordination but is a little more general since it discusses a software de-
velopment organization.

Fig. 6. Number of papers per type and year.

Table 6
Number of papers per publication.

Publication Number of
papers

SEAFOOD, Academy of Management Proceedings, CHASE, CIRCUS,
CollaborateCom, CSEE&T, ESEC/FSE, ESEM, GROUP, ICGSE,
ICSSP, IEEE Software, Journal of Software, OOPSLA, OpenSym,
OSS, PROFES, RESER, SIGSOFT, Tampere University of
Technology, University of Castilla-La Mancha, VL/HCC

1

IEEE Transactions on Software Engineering 2
Information Sciences 2
CSCW 3
ICSE 11

Table 7
Number of contributions per country.

Country Number of papers

Australia, Finland, Germany, Ireland, Italy, Latvia, Pakistan,
United Arab Emirates

1

Denmark 2
Spain 3
Brazil 4
Canada 5
China 5
Sweden 9
USA 35

Fig. 7. Contributions according to the field of development.
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7.2. RQ2.What are the properties of socio-technical congruence?

Only in the paper by Sarma et al. [21] did we find an answer to this
question. The authors, taking into consideration the definitions set out
above, list different properties of socio-technical congruence:

1. STC is a state that represents the fit between the Coordination
Requirements, —necessary to carry out a given development situa-
tion—and Actual Coordination Actions conducted.

2. STC is descriptive: Congruence describes the state in which an or-
ganization finds itself at any moment in time. Nevertheless, this does
not guarantee that the following state will be optimal as regards
congruence.

3. STC is dynamic: STC measures the state of an organization over a
particular period. In other words, an organization may be congruent
at a certain time, but that does not guarantee that this same orga-
nization will be congruent at a later moment in time. This is because
there may be changes in the coordination needs, dependencies or
social structures.

4. STC is multi-dimensional: there are as many dimensions in con-
gruence as there are different ways to coordinate work. Congruence
is based not only on the communication between developers; there
are also other important aspects such as experience, comments on
tools, work patterns, resources, etc.

5. STC can be defined at multiple levels: whether an organization is
congruent or not depends on how congruent individuals and teams
are. Congruence must therefore be tackled at multiple levels, from
individuals—which would be the lowest level—all the way up to the
organization itself, or the organization system wherever there are
several of them cooperating in a common project.

6. STC involves both advantages and disadvantages: It is certainly pos-
sible for an organization to achieve congruence at a particular level
or dimension that is beneficial for workers, but which at the same
time can be counterproductive at another stage. For example, it
might happen that the work pattern that is introduced leads to in-
congruence at a certain more local stage, but that it is at the same
time optimal at a global level. This being so, congruence must en-
compass all levels and seek global benefit.

7.3. RQ3.What benefits and risks can socio-technical congruence provide to
the organizations?

To respond to the RQ3 research question, we have analyzed several
studies that suggest that if an organization reaches a high level of socio-
technical congruence, the resolution time for the modifications re-
quested in the code is reduced. At the same time, the modification re-
quests and errors decrease [3,16,17,22]. This means that when there is
high socio-technical congruence, teams are more efficient.

If the level of socio-technical congruence is high, one of its main
benefits is that we can ensure that the coordination needs of an orga-
nization are achieved. If the level of congruence has dropped in an
organization, but possesses adequate tools for detecting congruence
deficit, these would make it easier to detect and react to communication
problems such as those reported in Šmite and Galviņa [23], where the
lack of communication among some teams of developers leads to

delays. In addition, in a case study described in [23] a lack of under-
standing in individuals was observed as regards their responsibilities;
this in turn meant that problems arose with respect to coordination in
solving problems. It should be pointed out that in [23] part of the or-
ganizational structure was hidden, which made a large amount of the
necessary coordination impossible; this in turn led the project to fail.

In Li et al. [24] the authors propose a multidimensional approach to
congruence. It involves increasing awareness about the use of resources
on the part of each employee, as well as raising cognizance of the
specific abilities and knowledge that colleagues possess, seeing which
are actually necessary for the development of each task.

To sum up, it can be stated that a high level of congruence should
lead the organization to reach a better level of coordination, where
stakeholders are acutely aware of the communication that must be
carried out, and know precisely what resources they have at their dis-
posal and exactly where to act so that the coordination gaps observed
may be closed as soon as possible [2,3,19,25]. All of this entails im-
provement in performance and software quality, as well as a reduction
in costs.

It is important to get across the idea that coordination and com-
munication in the organization implies some cost, since the burden of
making sure all this happens is placed on the personnel. This might lead
to a loss of productivity at an individual level, as referred to in [8]. This
is therefore an additional risk that has to be taken into consideration.

7.4. RQ4.What ways of measuring socio-technical congruence have been
proposed?

As STC is related to communication, measuring congruence is also a
means of controlling and improving work team communication at both
a local and distributed level. For this reason, when measuring STC it
must be taken into account how individuals communicate among
themselves within the organization. This implies that in addition to
measuring STC itself, the measurements can be a means of detecting
and solving possible communication problems that may arise from ei-
ther too much, or too little, communication. Betz et al. [4] studied
empirical research related to Conway's law and obtained that changes
in communication affect the design structure of the software product.
Moreover, in [1] Portillo-Rodríguez (page 34), it is claimed that
“measuring STC can result in a better level of coordination”.

Different authors have conducted studies with measures for calcu-
lating socio-technical congruence; these help us to answer our research
question RQ4, as presented below. This section describes the most
important details of the metrics proposed in the literature for measuring
and controlling socio-technical congruence

7.4.1. Cataldo et al. proposal [3,16]
As reported in [16], calculation of socio-technical congruence is

based on the existing relationship between two sets: one set for in-
dividuals working on tasks, and the other set for the tasks themselves
and the relationship between them. These sets are represented in two
matrices: “Task Assignment matrix” (TA) and “Task Dependency ma-
trix” (TD). Each cell ij of the Task Dependency matrix represents that
task i has dependencies on task j (Table 8 (a)). In relation to this, each
cell ij of the Task Assignment matrix indicates that a worker i is

Table 8
(a) Task Dependency matrix (TD). (b) Task Assignment matrix (TA).

(a) (b)

TD Task 1 Task 2 Task 3 Task 4 TA Task 1 Task 2 Task 3 Task 4

Task 1 – 1 1 Person 1 1
Task 2 – Person 2 1
Task 3 – 1 Person 3 1
Task 4 – Person 4 1
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assigned to a particular task j (Table 8 (b)).
The individuals that must coordinate their activities have to be

identified, taking into account these sets represented in their corre-
sponding matrices. Firstly, by multiplying the TA and TD matrices we
obtain a people by task matrix which represents the extent to which a
worker will be aware of the interdependent tasks he/she is responsible
for. The next step is to multiply the result of TD*TA by TAT (the trans-
pose matrix of TA) so that a new people by task matrix is obtained,
which is called ‘Coordination Requirements matrix’ (CR) Table 9. This
shows which workers must coordinate between themselves.

Matrix CR is represented in [16] as the formula below:

=C T T T* *R A D A
T (1)

Where, TA is the Task Assignment matrix, TD is the Task Dependencies
matrix and TAT is the transpose of the TA matrix.

The result of applying the Eq. (1) on the matrices on Table 8 is as
follows:

The CR matrix needs to be compared with the Actual Coordination
Matrix (CA) in order to calculate the level of Congruence achieved in
the Coordination Requirements matrix (CR). In other words,
Congruence will define the proportion of activities that have really
taken place (CA Matrix), in relation to the entire number of activities
that should have occurred (CR Matrix). For example, if CR matrix shows
that 8 pairs of software developers should coordinate with each other,
and 4 of these show coordination activities in the CA matrix, then the
congruence obtained is 0.5. The definition of congruence can be ex-
pressed in [16] as follows:

= > >

= >

Diff C C card diff cr ca

C card cr

( , ) { 0 & 0}

{ 0}
R A ij ij ij

R ij

The values of i,j should be different, as the matrix represents the
same people in the rows as in the columns. The cells in the main di-
agonal should, therefore, be ignored as they represent the same person.

Where the i represents each column of the matrices, while the j
represents each row. Together, ij represent each of the cells in the
matrix. We thus have:

=Congruence C C Diff C C C( ) ( , )/R A R A R, (2)

The range of values of Congruence belongs to the [0.1] interval,
which represents the portion of the requirements that have been sa-
tisfied through some type of coordination activity.

Given the Coordination Requirements matrix (CR) in Table 10 (a)
and the Actual Coordination matrix (CA) of Table 10 (b) we have:

= =Congruence 2
3

0.66

The previous examples seen in Portillo-Rodriguez [1], do not use
weights, but in Cataldo et al. [16] whole numbers are used to represent
weights in relation to the number of dependencies amongst tasks, see
Table 11:

The Actual Coordination Matrix (CA) has not been discussed at
length until now. It is built with 4 different measures in [16], given that
software engineers can coordinate and exchange information through
several means of communication. The coordination activity is therefore
represented by means of these matrices; this is conducted in different
ways throughout the work associated with a modification request.

1. The first measure represents the structural coordination, which cap-
tures the potential communication and coordination activities that
individuals belonging to the same working team may have through
different means, such as meetings, interviews and similar mechan-
isms. The Actual Coordination Matrix is built to include a co-
ordination activity, only if the i and j developers belong to the same
team.

2. The second measure broadens the previous one and represents the
geographical coordination, assuming that every software developer is
in the same location in a developer centre and has the chance to
communicate with others there, thanks to their physical proximity.

3. Communication through the Modification Request (MR): there is
considered to be only one interaction between developers i and j
when both of them comment explicitly in the modification request
report.

4. Lastly, the IRC communication is calculated by considering IRC
registers of interactions between developers. This creates a problem,
since the resolution of an MR could take days to months. The IRC
messages must be examined, so as to identify the interactions be-
tween developers that are relevant to the MR. Moreover, developers
do not always make reference to the MR code.

In (1) and (2) the expected coordination is represented within the
teams and locations. In (3) and (4) the communication and direct co-
ordination are represented.

7.4.2. Kwan et al. proposal [2,19]
In Cataldo et al. [3], every single coordination need was considered

to be equally important; weights were not used, thus producing a
coarse-grained measure for socio-technical congruence. Taking that
into account, in [2] it is understood that the measure proposed in [3]
has limitations. The former authors suggest a different model for
measuring congruence, though their model is also based on matrices
[3]. It has resulted in a weighted measure which is fine-grained; it

Table 9
Coordination Requirements matrix (CR).

CR Person 1 Person 2 Person 3 Person 4

Person 1 – 1 1
Person 2 –
Person 3 – 1
Person 4 –

Table 10
(a) Coordination Requirements Matrix (CR). (b). Actual Coordination Matrix (CA).

(a) (b)

CR Person1 Person2 Person3 Person4 CA Person1 Person2 Person3 Person4

Person1 – 1 1 Person1 – 1 1
Person2 – Person2 –
Person3 – 1 Person3 –
Person4 – Person4 –

Table 11
Matrices with weights concerning task dependencies.

TA TD TA
T CR

0 0 3 0 0 0 0 1
0 1 0 0 1 * 0 0 0 1 1 * 1 0 1 = – 3 0
0 0 1 1 0 1 0 0 0 4 0 1 0 6 – 3
1 1 0 0 0 0 2 1 0 0 0 1 0 1 4 –

0 0 0 2 0 1 0 0
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allows gaps in coordination to be detected, locating them exactly, one
by one, and prioritising them. The improved calculation of Congruence
in [2,19] models the connections between people-tasks, tasks-tasks and
people-people, applying weights to each relationship. This congruence
measurement thus results in a measure that shows the strengths that
each relationship has. Consequently, social interactions and organiza-
tional techniques are shown more accurately. It is worth underlining
that this idea seeks to step away from underlying assumptions such as:
that every dependency is equally important, or that any type of co-
ordination satisfies coordination gaps.

In the measure proposed in [2,19] weighted edges between 0 and 1
are used in the Task Assignment Matrix (TA), the Task Dependency
Matrix (TD) and the Real Coordination or the Coordination Require-
ments Matrix (CR).

In the case of [2,19], just as in [16], the Task Assignment matrix (TA)
is a matrix mxn, where m represents the number of the selected people
and n represents the selected tasks. It needs to be clarified that in
[2,19], it is a “Weighted Task matrix”, and every entry in the matrix
describes the strength of the connection between the person i and the
task j. In the case of the TA matrix, for instance, every entry can show
how many hours one person is expected to spend on a particular task. In
order to set this value in the range [1–0], the number of hours expected
for the task needs to be divided by the total number of hours that a
person spends on that task. In [2,19]the importance of taking into ac-
count the experience a person has in a particular task is also mentioned,
so that the amount of knowledge a person can bring to a task can be
measured and shared.

The Weighted Task Dependency matrix (TD) in [2] is equivalent to TD
in [16], but in this case, as in the previous one, every entry defines the
strength of the relationships between the two tasks (it is a n x n matrix,
where n and n are the selected tasks). Each matrix cell shows the de-
pendency relationship that a task has in relation to another one, as
regards the total number of dependencies that task has over the rest of
them.

To calculate the Coordination Requirements Matrix (CR), in [2] the
calculation proposed by Cataldo et al. [16] is followed (Eq. (1)). Con-
sequently, the calculation obtained from the people by people matrix
shows how strong the relationships between the different developers
are supposed to be.

In addition, the “weighted actual coordination matrix” (CA) is required
in order to obtain the final congruence coefficient, since the CR matrix
needs to be compared to the CA matrix. To calculate the CA weighted
congruence, there are two proposals in [2]:

1. With respect to communication: a communication network can be
weighted taking into account the ongoing communication. For ex-
ample, let's contemplate dependencies between person A and person
B:

• If A communicates with B about their task dependencies, for each
of the tasks they discuss the communication weight increases, “a”
in “a*1/n”, where “n” is the number of dependencies between A
and B.

• Given a three point scale, let's consider: [“Occasionally”,
“Frequently”, “very frequently”], so that if A communicates with
B about a task dependency “very frequently”, then “A” is set to 1.

For another task that is “frequently” discussed, “a” would be set to
0.66 and if o “occasionally” is the case, “a” would be 0.33.
To sum up, if A has two interdependent tasks with B and they
communicate “very frequently” in one task, and “occasionally” in
the other, then the effective communication weight between A
and B is 1.0*(1/2)++0.3*(1/2)= 0.66

2. With respect to the distance: we can measure the weight of the re-
lationship between A and B as regards:

• Distance, in terms of physical distance.

• Difference of time between their time zones.

• The number of organization units they belong to.

The values obtained must normalize in order to fit in within interval
[0.1]. This results in a symmetric matrix, meaning that the distance
between A and B is exactly the same as between B and A.

After obtaining CR, and once the TA, TD, and CA matrices have been
weighted, we can compare CR with CA to obtain the lack-of-coordina-
tion matrix, according to [19]. It is at this point where we find one of
the most noticeable differences with the measure proposed in [16]. The
following steps are carried out in [2] to compare CR with CA:

1. Create a people by people matrix (CR) using the weighted method
mentioned above.

2. Subtract the actual coordination matrix (Ca) from the coordination
requirement matrix (CR).

3. Remove values that are less than zero.

In the lack-of-coordination matrix Fig. 8(c) not only the gaps
themselves are represented; their size can also be registered. The larger
the value, the more severe the lack of coordination is between person i
and person j.

In [19] the equation used to obtain the lack-of-coordination matrix
is defined as follows:

= −G C C C C( , )ij R A R ij Aij (3)

Where Gij is the size of the gap between the ij pair.
Unlike [19], (Fig. 9) we have observed in [2] (Fig. 8) that the re-

sulting values in the lack-of-coordination matrix of less than 0 are taken
into consideration, while before this the negative values were removed.
This allows us to illustrate both the lack of coordination (positive va-
lues) and the excesses (negative values), considering excess as a greater
quantity of coordination in relation to the coordination requirement
matrix (CR); this should not be a problem.

To calculate the weight index of socio-technical congruence by
means of this matrix, all the cell weights must be added, and this must
afterwards be divided by the total weight obtained after adding every
weight of the Coordination Requirements matrix (CR).The result must
be subtracted from 1; thus the total congruence is obtained. This is
formally defined in [19] as follows:

= −
∑ ∑

∑ ∑

= =

= =

Congruence
Gij

CRij
1 i

m
j
m

i
m

j
m

1 1

1 1 (4)

Fig. 8. According to Kwan et al. [2] (a)
Coordination requirement matrix. (b) Ac-
tual coordination Matrix. (c) lack-of-co-
ordination matrix.
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7.4.3. Proposal for individualized STC by Wagstrom et al. [20]
Taking into consideration the studies by Cataldo et al. [3,16], in

[20] and in relation to the contribution of the congruence of each
person, the ISTC metric was created to obtain an individual measure of
socio-technical congruence. To calculate ISTC, the difference between
the actual coordination regarding the coordination requirements of an
individual, i, is divided by the coordination requirements. This can be
defined as follows:

=
∑ + ∑

∑ + ∑

∧ ∧

ISTC
C i C i C i C i

C i C i
( [ ,] [ ,]) ( [, ] [, ])

[ ,] [, ]i
R A R A

R R (5)

The numerator of the Eq. (5) calculates the number of coordination
requirements that individual i has accomplished, considering only the
rows and columns of the matrix corresponding to i. The denominator
sums up the coordination requirements that must be achieved by i.

The original STC formula [3,16] is also separated into 3 elements in
[20] matchComm (it differentiates between actual coordination and
coordination requirements), coordReq (coordination requirements), and
extraComm (extra communication not reflected in the coordination re-
quirements). These three elements can be individualized/personalized
and are formally defined as seen below:

∑ ∑

∑ ∑

∑ ∑

= +

= + +

= + −

∧ ∧matchComm C i C i C i C i

coordReq C i C i

extraComm C i C i matchComm

( [ ,] [ ,]) ( [, ] [, ])

[ ,] [, ]

[ ,] [, ]

i R A R A

i R R

i A A i

This is intended to address possible large-scale project problems
caused by participation in several projects —which can influence the
coordination requirements obtained. It also makes it possible to dis-
tinguish between simple, normal communication within a team
(extraComm++marchCommgathers all the information) and the
communication that is carried specifically out to resolve dependencies.

7.4.4. Proposal for three-dimensional STC measurement by Li et al. [24]
On the other hand, in [24] the authors argue that Coordination

Needs of teams are based not only on task dependencies, but also on
sharing information and knowledge, abilities, resources, etc. The con-
cept of socio-technical congruence is thereby broadened, and two ad-
ditional dimensions are incorporated to the measure proposed by
[3,16]: Knowledge-dependent congruence and resource-dependent
congruence. Congruence must be taken into account as follows:

1. Communication requires a sharing of abilities and knowledge
among software developers.

2. Communication requires a sharing of resources, organization of
meetings, and any other kind of relevant management.

Taking the previous aspects into consideration, the following co-
ordination requirements, in addition to those given by Cataldo et al.
[16], are proposed:

• Knowledge-dependent congruence: this can be calculated by using the
“knowledge-dependent” matrix (CRK). This matrix can be defined in
the following equation:

=CR TA KT AK*( ) *( )K
T T (6)

• Resource-dependent congruence: this can be calculated by using the
“resource-dependent” matrix. This matrix can be defined in the
following equation:

=CR TA RT AR*( ) *( )R
T T (7)

The two new levels of congruence introduced in [24] that take the
previous matrices as a basis are defined as follows:

= −Congruence CR C
diff CR C

CR
( , ) 1

( , )
K A

K A

K (8)

= −Congruence CR C
diff CR C

CR
( , ) 1

( , )
R A

R A

R (9)

Furthermore, in [24] the previous equations are reformulated so as
to include a time parameter (t), since software development is a
changing process. The parameter t can represent days, weeks, months,
or any other time unit that is appropriate in the context of measure-
ment.

The meaning of symbolism is presented as follows:

• TA: Task Assignment matrix (people-task).

• CRK: People by people matrix indicates the degree of communica-
tion that there must be between each pair of CRij, according to the
knowledge required to complete the assigned tasks. (The subscript K
indicates knowledge).

• CRR: People by people matrix indicates the degree of communica-
tion that there must be between each pair of CRij, according to
shared resources required to complete the assigned tasks. (The sub-
script R indicates resources).

• KT: Knowledge Requirement Matrix: contains information about the
knowledge/skills required to complete a task. Knowledge-Task.

• (KT)T: is the transpose of KT.

• AK: Knowledge Matrix: contains information about who knows
what.

• (AK)T: is the transpose of AK.

• RT: Resource Requirement task matrix: contains information about
what resources are required to complete a specific task. Resource-
Task.

• (RT)T: is the transpose of RT.

• AR: Resource Use matrix: contains information about who uses what
resources.

• (AR)T: is the transpose of AR.

• CA: Actual Coordination matrix. Real coordination of the organiza-
tion.

7.4.5. Portillo-Rodríguez proposal aimed at global software engineering [1]
Portillo-Rodríguez [1] proposed a multi-agent architecture designed

to manage socio-technical congruence (measure it, control it and
maintain it), which is targeted at Global Software Development (GSD).
According to Portillo, the congruence measurement needs to be adapted
to this environment needs. In this case, an adaptation of the measure

Fig. 9. According to Kwan et al. [19] (a)
Coordination requirement matrix. (b) Ac-
tual coordination Matrix. (c) lack-of-co-
ordination matrix.
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proposed by Kwan et al. [2] was developed, consisting in the inclusion
of a range of factors that affect the way in which globally distributed
team members perform coordination. These factors have been included
as weights in order to determine the STC of each user.

Unlike in Kwan's paper, in this piece of work weights are used as
tasks in the following factors:

• Socio-Cultural Distance (SCD): This factor is calculated based on the
native countries of the development team members, also using a
table, as presented in [26], in which 50 countries are rated in di-
mensions that take into consideration socio-cultural factors de-
monstrated by the particular values of each country. Interactions are
considered to be most important when they are performed by
members coming from countries with a low SCD. Congruence will
thus be increased if interactions are performed by this type of users.

• Temporal Distance (TD): this factor influences temporal distance; in
other words, it is measured as the difference in time between loca-
tions of the working team. In this case, it is assumed that team
members who are separated in time must communicate more if they
are to reach a good level of coordination. Hence, interactions per-
formed by users with a higher TD are weightier in the congruence
measure.

• Geographical Distance (GD): This last factor takes into account the
physical distance, and it is used in a similar way to the previous
factors.

It was reported that although these factors are used in a similar way,
they need to be taken as a whole, since a high SCD does not necessarily
mean a high TD or GD. For instance, Spain and Argentina are separated
by a high TD and GD, but the SCD is low, due to the fact that they share
the language. In addition, other factors that take into consideration the
priority of tasks have been incorporated. It is considered that urgent
tasks must be tackled with a higher interaction.

Portillo-Rodríguez extended the scope of the congruence measure-
ment to embrace not only the development stage, but every stage of a
project. This highlights another clear difference when we compare it to
Kwan's approach.

7.4.6. Valetto et al. proposal. [27]
In [27] a quantitative measure of socio-technical congruence was

proposed. It uses social networks made up of the information extracted
from software repositories. In particular, they used a combination of
three types of information repositories:

1. Communication/collaboration interactions among stakeholders: these
can be defined as undirected arcs between nodes lying on plane P.
Set P contains the stakeholders (see Fig. 10).

2. Inter-relationships between artefacts: this can be defined as the di-
rected arcs between artefacts with interdependency, which is plane
S. Set S contains software artefacts.

3. Work relationships: this can be defined as the directed arcs from

plane P until plane S. This indicates work performed by stakeholders
in the software artefacts. This arc set will be called J.

In [27] it is indicated that a social network, like the one in Fig. 11,
can be built using the information contained in the software re-
positories. Both nodes of planes P and S and their connections can easily
be extracted with metadata information, as can be done with stake-
holders’ IDs,— those who conduct the commit—the modified artefacts,
date and time of commit, etc. The dependency extraction between
software artefacts can be obtained by means of processing source code
files in order to get function invocation, inheritance, etc.

The possibility of adding weight to the arcs was also proposed (e.g.
the weight could be the number of changes in the artefacts by the same
stakeholder, or the number of dependencies of a source file on another).
The measure proposed in [27] is developed as follows:

The set GP=(P, EP) denotes the digraph of people and their re-
lationships, where P is the node set and EP is the arc set (each arc re-
presents a relationship between pairs of developers in set P). For ex-
ample, the arc (i,j) belonging to EP, may mean that developers i and j
have communication, where i, j∈ P. In this case, undirected edges are
used, because we assume that the communication relationships be-
tween people are reciprocal.

On the other hand, set GS=(S,AS) denotes the digraph representing
software artefacts (S) and their relationships (AS). The arc's direction
indicates the dependency between artefacts.

By means of J, connections between developers of set P and soft-
ware artefacts of set S are denoted, with a directed arc.

There are two aspects used to reflect the congruence proportion.
The first aspect is obtained by dividing the number of arcs actually
mirrored by the number of arcs in AS, that could be mirrored in EP
(Fig. 10(a)). Another aspect of congruence can be referred to as “node
tie”, that is, when two distinct developers have some relationship with
the same artefact (Fig. 10(b)).

Relationships between software artefacts (Arcs in AS), which are
reflected in EP must be taken into account, in order to obtain the pro-
portion of arc mirroring. This facilitates the display of the mirror by the
Union of set J. For instance, if (i,l) is an arc belonging to the AS set, and
(k,i) and (h,l) are arcs of the set J, then the arc (i,l) is an “arc mirrored”
if the following conditions are true:

1. k and h are distinct nodes and belong to P
2. Either (k,h) or (h,k) or both, belong to EP

Congruence based on arc mirroring [27] between graphs GP=(P,
EP) and Gs=(S, AS) joined to set J, is given by:

= >C G G J k γ γ( , , ) / when 0p s

Where k and γ are computed by the following algorithm, which detects
and counts arc mirror patterns:

In [27] an example for the mirroring arcs proportion for
Algorithm 1 by 20% is shown. This is obtained by counting six arcs

Fig. 10. (a) Arc mirroring. (b) Node tie.

J.M. Sierra et al. Information and Software Technology 94 (2018) 111–129

121



reflected in AS:

(s2, s4) by (p1, p4); (s8, s9) by (p5, p6), (s8, s9) by (p6, p9);

(s11, s12) by (p10, p11); (s11, s12) by (p10, p12);

(s14, s15) by (p4, p5)

There are 24 cases where there is a mirroring missing. For example,
for arc (s2, s5) there is no mirroring in (p1, p7). Then we have:

= = = =k γ C G G J6, 30; ( , , ) 6/30 0.2p s

As regards the “node tie” proportion, in Fig. 11, we have 57%. Each
node s8, s12 and s14 have developers which are related to each other,
while nodes s2, s9 and s14 have at least one pair of developers which
are not.

Cases with node (4): s8 (p5,p6); s12 (p11,p12); s14(p4,p5),
s14(p3,p5)

Node cases with more than one developer (7): s2, s8, s9, s12,
s14(x3)

= =C 4/7 0.57

It is important to mention that both ways of measuring congruence
can be used on a global scale (over the whole network), or on a local
scale. Similarly, both measurements may be used in combination or
separately.

7.4.7. Comparing the different measures
In order to the way in which the differences among the measures

previously described are shown we have created Table 12. The features
considered to compare them are: the approach used to measure the
socio-technical congruence, such as the use of matrices, whether or not
the measure is weighted, or whether the measure can be used in global
software development settings. If the measure has been empirically
validated, then its main features and main challenges are also sum-
marised. Some authors such as Cataldo and Kwan propose two versions
of the same measure, both of which have been included in the same
row.

It will be noted that only the proposals by Portillo and Kwan et al
are appropriate for use in a Global Software Development setting.
However, the first uses some surveys to obtain the information, and this
could be disturbing. On the other hand, only Valeto et al use Social
networks, while all the previous one are based on matrices. Six out of
eight of the measures are weighted.

7.5. RQ5. What are the pros and cons of different ways of measuring socio-
technical congruence?

To respond to our research question RQ5, the measures set out have
been analyzed, in pursuit of the most noticeable advantages and
drawbacks. In Cataldo et al. [3,16] the first measure that allows us to
observe the total congruence of an organization was proposed. How-
ever, it has deficiencies when defining priority, location and strength of
coordination gaps, all of which results in a coarse grain perception that
is rather imprecise. In this measure it is implied that any type of
communication is enough to resolve a coordination problem, and also
that any incidence has the same priority.

The weighted measure proposed in Kwan et al. [2,19] allows many
of the defects mentioned above to be corrected. This is a more fine-
grained measure that permits the relationships between people-tasks,
tasks-tasks and people-people to be investigated in a much more de-
tailed way. In [2], it is pointed out that, thanks to the weighted con-
gruence measurement presented in their paper, the communication
gaps can be located individually, thus allowing better action to be taken
on these gaps. The priority of different tasks, along with coordination
dependencies, is also assessed. This all means that we can detect lack of
discussion between two people working on related tasks; we can also
find tasks must be addressed first according to the strength of the re-
lationships.

Fig. 11. Socio-Technical software network [27].

Algorithm 1
Calculation of k and γ.

step 1:
set k, γ=0

step 2:
For each arc (i,l) in AS:

step 2a:
let Ji=all arcs in J incident on node i;
let Jj=all arcs in J incident on node j.

step 2b:
For each (a,i) in Jiand (b,l) in Jj:

if a≠ b, then = +γ γ 1.
if (a, b)∈ EP, then = +k k 1.
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Li et al. [24] take Cataldo et al's proposal as a starting point, without
including what was proposed by Kwan et al., so it has the same defi-
ciencies as Cataldo's proposal has. However, Li et al. propose two extra
dimensions for measuring congruence, based on the awareness of who
has what resources, knowledge and skills needed to complete tasks.

The measure proposed by Valetto et al. in [27] uses only the in-
formation gathered in the repositories, so that a great amount of data
that influences consistency is left without being assessed. On the other
hand, Ehrlich et al., in [25] propose to obtain more information (for
instance about the different communication means that they used,
meetings that they had, etc) by using surveys.

Blincoe et al. state in [28] that these measures have significant
problems in detecting the coordination requirements because they do
not carry out the measurement in real time, since this data is usually
available at the end of each task. They therefore propose an algorithm
called “proximity”, to calculate the coordination requirements “live”, in
an attempt to mitigate this problem.

We can conclude that in both Kwan et al. [19] and [1] Portillo-
Rodríguez the measurement of STC improves as a consequence of in-
cluding physical distance, time distance and socio-cultural distance
when measuring STC.

To sumarize we can state that the more information from different
sources that is used in order to calculate the STC, the more exact the
result will be. However, obtaining information often implies a cost. The
ideal situation would be to extract the information automatically
without bothering the users. However, if some particular information
has to be obtained by hand by, for instance, using surveys, it would
perhaps be better to consider whether this is worthwhile, as the profit
could be less than the employees’ extra workload.

It is surprising that the empirical studies do not mention anything
about the effort/cost of obtaining the information. In fact, this is a gap
that we have detected, as we shall discuss later.

7.6. RQ6. In what areas can socio-technical congruence be applied?

The measures mentioned above can be used in different tasks in the
quest to raise awareness about the proper functioning of the projects as
regards coordination and communication. Not all of the measures de-
scribed in Section 7.4 are suitable for the tasks; for instance: one in-
teresting use would be to observe what the most relevant commu-
nication gaps are as regards the need to take action in due time, by
modifying responsibilities or distributing tasks. Some measures, such as
those proposed by Kwan et al. [2], do detect this gaps on an individual
level; in the Catalado et al. [3] proposal, nevertheless, they do not.

It could be worthwhile for a manager to observe the alignment
existing between the project team coordination and the technical de-
pendencies [2], as well as to visualize the time evolution of this
alignment. Similarly, it can be useful to observe the temporal evolution
of socio-technical congruence with a view to conducting audits in the
organization.

In studies such as [3,17] it has been confirmed that individuals with
a higher socio-technical congruence level generally reach a higher
performance. Consequently, another use of congruence measurement
could be to detect performance deficit, in order to act on this early on.

In Valeto et al. [27] the authors argue that these measures can be
made available to customers so that they can manage the software
development process better.

Certainly, one of the most important measures of socio-technical
congruence is to raise awareness of developers, ideally in real time,
about the teammates with whom they must communicate as regards
coordinating tasks.

7.7. RQ7. What kind of available tools help to measure socio-technical
congruence?

A summary of the uses and functions of the tools found during ourTa
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mapping study is provided below:

• Ariadne [9,29,30]: this tool is an Eclipse plugin that serves to sup-
port the development of distributed software by allowing the socio-
technical interdependences between developers and software arte-
facts to be visualized. Ariadne obtains the dependencies by ana-
lyzing the source code (Java) using the configuration management
repositories associated with the projects. Ariadne boosts commu-
nication, since it enables the visualization of social dependencies
among developers. Project managers can also use it as a control tool
with which to distribute responsibilities and detect whether certain
project members are overloaded with tasks. Ariadne shows by de-
fault a directed graph in which the nodes are the authors, and the
edges are the dependencies among them.

• CodeBook [31,32]: Codebook is a tool that discovers the transitive
relationships among people, code test cases, specifications and any
type of artefact that is related to a repository and can be extracted
by means of data mining. It makes it possible to increase awareness
of the changes undergone by artefacts over time and to discover who
uses the code, and whether there is already a similar project in one's
organization, or to investigate the root of a problem to be resolved.

• Fonseca et al. [10]: the objective of this tool is to automatically
identify the faults between dependency networks and communica-
tion networks. This is done by exploring the relationship between
the software dependencies and the coordination among developers.
With regard to the software dependencies, it uses Ariadne to auto-
matically identify dependencies among code artefacts and their
authors, thus making it possible to create a social network of de-
velopers in which the dependencies among them is shown. As far as
communication is concerned, the tool analyzes the flow of e-mails
between developers.

• Palantir [33,34]: this supervises the artefacts that are being modified
by the developers and reports on the state of said artefacts, with the
aim of avoiding conflicts resulting from simultaneous changes and a
lack of coordination. It thus allows the early detection and reduction
of conflicts.

• ProxiScientia [35]: this compiles data from the developers’ work
environment, in order to calculate coordination requirements using
‘proximity’ [28]. It presents each developer with visualizations ap-
propriate to his or her coordination needs in order to increase
awareness of other developers with whom it is necessary to com-
municate, or of tasks that must be carried out.

• RaisAware [36]: this identifies those files that have most de-
pendencies in a project by means of analyzing a matrix containing
information about the dependencies in the files. The aim of this
characteristic is to provide awareness of the extent to which changes
in these files may affect other developers’ work. This tool also en-
ables the user to visualize the files that will be affected by the
changes made. RaisAware displays the names of the developers in
place of the file names, such that it is possible to visualize which
developers are affected and with which of them it will probably be
necessary to coordinate.

• Tesseract [37]: this tool makes it possible to explore the socio-
technical relationships between project artefacts and developers,
along with the interactive exploration of these relationships over
time. Tesseract analyzes the different entities of a project in order to
determine its socio-technical relationships and show these, thus al-
lowing a simple exploration of its data. This tool also calculates
socio-technical congruence using a method proposed by Cataldo
et al.

• Travis [38]: This is a tool that provides visualization and analysis for
traceability networks (networks whose entities are related to users,
tasks and artefacts), created from the dependencies between arte-
facts and users. Travis is able to use these networks to show the

traceability of connections originating from artefacts, tasks and in-
dividual users, with the aim of increasing the awareness of the de-
velopers working on the project.

• WorldView [39]: this tool is oriented toward supporting distributed
software development. It provides a visualization of the structure of
distributed teams by means of a central repository. The tool makes it
possible to observe the dependencies among the project compo-
nents, which are represented by coloured lines of varying thick-
nesses according to the quantity of dependencies or artefacts shared,
along with the developers’ roles and knowledge. It also makes it
possible to discover the geographical location and availability (bank
holidays, time zones, etc.) of the various components of the team by
means of a world map metaphor.

• STCM (Socio-Technical Congruence Manager) [40]: this makes it
possible to measure and observe the evolution of socio-technical
congruence over time at both a sprint and a global level. The ap-
plication also reports on the unresolved deficiencies detected and
informs the user about them, providing advice as to how to act in
order to close possible gaps, improve times at which to commu-
nicate with colleagues, the preferred means of communication, etc.
STCM is based on a multi-agent architecture that autonomously
measures and detects coordination problems and informs the person
responsible for the project about them. It calculates congruence by
employing a modification of the means proposed by Kwan et al. [2].

• STCML [41]: this is not a tool, but we wished to include it because it
is an XML-based language that can assist in the construction of fu-
ture tools. It serves to support the modelling of socio-technical as-
pects such that it is possible to specify the relationships between
architectonic objects and social processes. The basic types of lan-
guage are ‘agents’, ‘resources’, ‘tasks’, ‘teams’, ‘graphs’ and ‘net-
works’, which provide an idea of its possible application.

Table 13 provides a summary of the main features of the tools. We
therefore indicate which tools take the social and technical de-
pendencies into account, whether they are able to detect gap or co-
ordination, whether the tool calculates the STC and the use of the tool.

Only three tools detect the coordination gaps and only two the STC
measure. STCM [40] is still a prototype that has to date been used in
only two case studies, but it has a measure that is adapted solely to GSD.
Furthermore, Tesseract has could possibly be used to measure the STC,
but only by using Cataldo's measure which is the first measure to have
recently been improved in other proposals.

7.8. RQ8. What case studies have been published about socio-technical
congruence?

In order to respond to our research question RQ8, we have analyzed
all the case studies found, seeking to establish 3 groups according to the
environment in which they were carried out: business environment,
university environment and open source environment.

• Effects on the quality of STC software: Studies such as Šmite and
Galviņa [23] refer to coordination problems that may occur in or-
ganizations as a result of the absence of socio-technical congruence.
Among the most serious problems are delays in presenting the
project because of components that have yet to be developed and
which are discovered late, or the bad integration among the parts
already developed by different teams, thus supposing an additional
cost in terms of time and money. This is confirmed by Ehrlichet al. in
[25], in which a comparison is made between the quantity of gaps in
coordination and output, and which verifies that there is a corre-
lation between these two factors: the more gaps, the more the
number of increases in code changes. In [3,16,17] it is noted that
when the highest values of socio-technical congruence are obtained,
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it is possible to reduce the number of software failures. However,
Marczak et al. [42] detect gaps in communication and low levels of
STC that do not affect the project, which is presented on time and
correctly. In Kwan et al. [19] a high level of socio-technical con-
gruence is related to a greater probability of success as regards the
results of the project.

• Effects on STC software development time: Cataldo et al. [3,17] pro-
vide analyses of the relationship between congruence and the speed
at which tasks are developed. The results show that when commu-
nication among people is aligned with coordination requirements,
the development time improves. Or, in other words, socio-technical
congruence helps reduce the time needed to complete the tasks. It
was also observed that those workers with the most congruence
were also the most productive. However, the author of [19] dis-
covered cases in which a high congruence in projects that are
formed of too many teams may be counter-productive, owing to the
overload of coordination recommendations received by the devel-
opers.

• Effects of STC on distributed development: Ehrlich et al. in [25] verify
that there is a considerable increase in the quantity of gaps in co-
ordination in distributed pairs, and that socio-technical congruence
therefore becomes of particular interest in this type of development
environments. However, Bird et al. in [43] verify that the good
structure of the organization in which the study was carried out
allows the detection of 6% in the gaps in coordination of distributed
teams when compared to local teams. Cataldo et al. in [3,16,17]
noted that congruence also has positive effects on the time needed to
resolve tasks in distributed environments.

• Mitigation of the lack of coordination using Brokers: Kwan and Damian,
and Ehrlich and colleagues in [18,25] also show interest in the
figure of the broker as regards reducing gaps. A broker is a person
who acts as an intermediary and who boosts the improvement in
communication and collaboration. It is in the context of distributed
development that brokers are most important since, as is demon-
strated in [25], they can mitigate the effects of the increase in gaps
between distributed pairs by acting as intermediaries between teams
in order to distribute information. Those pairs that include a broker
are also more unlikely to suffer gaps in coordination. It was ob-
served, moreover, that brokers tend to be people with roles that
require a broad perspective (project leaders, technical leaders, etc.).

• Error prediction: Bird et al. in [43] contains a study on how human
factors affect software development. This is done using a socio-
technical network that, by means of dependencies among modules,

allows us to predict failures that may occur in those modules. The
human factors studied (number of developers working on a file,
quantity of those developers who left the company before the pro-
ject was completed, etc.) were linked to the software quality (e.g.
the loss of engineers working on a module leads to a loss of
knowledge and thus a loss in the quality of that module) and it was
discovered that these attributes mean that a better predictor of the
failures is obtained than when analyzing the software attributes.

• Improvements to STC using tools: Portillo-Rodríugez. [1] analyzes the
use of a tool, STCM, employed in two distributed development
projects, which allows socio-technical congruence to be analyzed.
Two studies were carried out during which the members of the
projects being studied were interviewed in order to discover their
opinions on the use of the tool. The developers revealed that the tool
speeds up communication and coordination in distributed environ-
ments and is a good source of centralized data that makes it possible
to detect which users are having coordination problems. Those in-
terviewed also stated that the tool is useful, particularly when they
begin working on a task, A, that does not require coordination and
then with the passage of time another task, B, must be carried out,
and is one which has to be coordinated with task A. The person
responsible for A is not, however, informed of the need to co-
ordinate with B, thus leading to gaps in coordination and delays in
the project. STCM manages to solve this problem by informing those
responsible for A and B of the need for coordination. Another person
interviewed commented that the tool helps avoid problems of du-
plicated work, since it immediately gets two people in touch with
each other who have started work on the same task without rea-
lizing it. They stated that the tool speeds up coordination work for
the project leader, and that the graphics permit communication
requirements to be detected efficiently so that they can be resolved.
The use of this type of tool to control congruence was generally
validated.

• Socio-technical congruence in academic environments: It is common for
universities to set up large software development projects to study
the behaviour of students and to teach them to coordinate them-
selves in groups. MacKellar [44] measured the temporal evolution of
the individual socio-technical congruence of 25 students during a
semester. They followed their progress for 6 weeks and determined
that the students’ congruence did not improve, unlike what occurred
in [3] with professional teams. The most reasonable explanation for
this is that the students did not know how to use the version control
systems correctly, which limited the way in which they calculated

Table 13
Summary about tools.

Tool Social dependencies Technical
dependencies

Gap detection Is the STC
measured?

Utility

Ariadne [9,29,30] Yes Yes No No It enables the visualization of social dependencies among developers
CodeBook [31,32] Yes Yes No No It increases awareness of the changes undergone by artefacts
Fonseca et al. [10] Yes Yes Yes No It identifies the faults between dependency networks and

communication networks
Palantir [33,34] No No No No It allows the detection and reduction of conflicts in artifacts
ProxiScientia [35] Yes Yes Yes No It increases awareness of other developers with whom it is necessary

to communicate
RaisAware [36] Yes Yes No No It enables the user to visualize the files that will be affected by the

changes made.
Tesseract [37] Yes Yes No Yes It analyzes the different entities and shows its socio-technical

relationships. it also calculates socio-technical congruence
Travis [38] Yes Yes No No It increases awareness about artefacts, tasks and individual users
WorldView [39] Yes Yes No No It supports the development of distributed software
STCM [40] Yes Yes Yes Yes It makes it possible to measure and observe the evolution of socio-

technical congruence over time

J.M. Sierra et al. Information and Software Technology 94 (2018) 111–129

125



task dependencies and led to a loss of fundamental information. In
Li et al. [24], however, the authors analyzed the behaviour of 7
teams of students during a semester, and did observe an increase in
congruence. They also observed that the teams with high levels of
congruence had better-organized processes and a significant in-
crease in quality with regard to the rest.

• Socio-technical congruence in open source environments: it may be in-
teresting to observe the behaviour of socio-technical congruence in
completely different environments, such as open source environ-
ments, in which almost all communication is carried out by means of
repositories, which implies that no information is lost, i.e., in
meetings, as may occur in the environment of an organization. In
[11,12,14]the evolution of socio-technical congruence of open
source operative system development communities is analyzed, after
which results were obtained over time that demonstrated a high
socio-technical congruence of between 70% and 80% according to
the stable version; this level grew gradually in the later version.
Wagstrom et al. in [20] noted similarities between the benefits
provided by STC in organizations and free software communities. In
Syeed et al. [13], meanwhile, an analysis of the behaviour of con-
gruence in an open source software ecosystem (a set of projects that
evolve together, but for which, in order to measure congruence the
projects must also have technical dependencies between each other)
was carried out, and it was observed that there was not generally a
high level of congruence. In Bolici et al. [22] evaluated STC, after
which they discovered that development work in free software
teams is generally highly individual, which means that there is a
great lack of discursive communication (communication usually
implicitly takes place by means of repositories). This variety of re-
sults in the open source environment allows us to conclude that
more studies on STC in the area are required, along with more re-
fined metrics for this type of development environment.

8. Conclusions

The objective of this research was to obtain all the existing material
in the literature on socio-technical congruence as we needed to develop
a tool to calculate STC in a software factory. When starting this task we
realised that we had found very little information about it and that
found was not very complete.

After analysing the data, we can conclude that:

• There is no standard measure of socio-technical congruence, al-
though most of the measures that exist consider the proposal by
Cataldo et al. [3,16] and make adaptations and improvements to it
as regards the environment on which it will be focused.

• Only one author describes the STC properties in detail, so more
research is needed in this topic in order to obtain feedback from
more researchers.

• The proposals with which to measure STC in GSD settings could be
improved as the Portillo et al. proposal needs survey information,
which could overload employees, and one of the Kwan et al. mea-
sures did not consider the socio-cultural distance, which is quite an
important factor in GSD conflicts as literature on the topic show.
This is, therefore, another aspect that could be researched in more
detail.

• There are also gaps in open source environment studies, since there
is very few research on this topic and, surprisingly, the results found
are very different in each of them. More investigation on the topic
would help to evaluate the advantages or disadvantages of using
STC in this environment.

• Moreover, only a few papers mention the risks of excessively over-
loading users with coordination iterations when controlling STC. In
fact, no case study examining these risks and their effect on devel-
opers’ productivity has been found. This is also an important topic to

explore since it would be interesting to know under what circum-
stances (for instance number of employees, sites, technical de-
pendencies, etc.) it is convenient to calculate the STC regardless the
cost of obtaining the information.

• There is no range established to indicate when socio-technical
congruence could be considered high or low, or how it affects the
working model of each organization. This might be an important
aspect to describe when case studies are conducted in the future.

• With regard to tools, only STCM and Tesseract measure socio-
technical congruence. Of these, STCM focuses on managing con-
gruence itself in an effort to proactively assist in the detection of
gaps in coordination, and to propose solutions as regards main-
taining the levels of optimised congruence. Tesseract uses the
Cataldos et al. measure, which could be poor accuracy. The other
tools generally serve to detect dependencies, gaps in communication
and relationships that should be managed by users manually. There
are also some tools that can provide information about awareness of
the actions performed by the user. However, there is no tool with
which to calculate STC and trigger a warning when a gap in com-
munication is detected, attempt to guess the coordination problem
that could is occurring at that moment and propose possible solu-
tions. A tool with this feature would be an important contribution to
this field, and we are currently working on this objective.

Nevertheless, it is important to highlight the benefits of having
studied the existing tools, given that this endeavour has allowed us to
obtain ideas that can be borne in mind during the design of tools, thus
providing possible options that may make those tools easier to use.

The small number of studies found on STC, together with the re-
search gaps we have pointed out, suggest that further research into
socio-technical congruence is required. We thus believe that this paper
may be an important contribution for researchers who have begun to
work on this issue, since data on the forums in which papers have been
published are provided, along with a classification of the types of stu-
dies that can be found and the countries in which STC is most fre-
quently studied, in addition to an overview of the subject and a com-
parison of measures and tools.

We therefore consider that this paper is also of interest to compa-
nies, as it presents not only different ways of measuring socio-technical
congruence, but also tools and prototypes that an help to measure it and
a comparison of them.
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Appendix A. Complete list of all primary studies included in the study.

Ref. Source Type Year Publication

[9] ACM Tool 2005 OOPSLA
[3] ACM C.S. Business environment and STC Measure based on matrices 2006 CSCW
[10] IEEE Tool 2006 ICGSE
[30] Scopus Tool 2007 GROUP
[38] Scopus Tool 2007 SEAFOOD
[27] IEEE STC Measure based on social network 2007 ICSE
[16] ACM C.S. Business environment and STC Measure based on matrices 2008 ESEM
[25] SB C.S. Business environment 2008 ICSE
[39] ACM Tool 2008 ICSE
[29] IEEE Tool 2008 VL/HCC
[45] SB Tool 2008 SIGSOFT
[8] SB Others 2008 ICSE
[21] SB Others 2008 ICSE
[42] IEEE C.S. Business environment 2009 CIRCUS
[22] SB C.S. Open Source environment 2009 ICSE
[31] IEEE Tool 2009 ICSE
[37] IEEE Tool 2009 ICSE
[34] IEEE Tool 2009 IEEE Software
[2] SB STC Measure based on matrices 2009 ICSE
[20] SB C.S. Open Source environment and STC Measure based on matrices 2010 Academy of Management Proceedings
[32] IEEE Tool 2010 ICSE
[36] IEEE Tool 2010 CollaborateCom
[43] ACM C.S. Business environment 2011 CSCW
[18] ACM C.S. Business environment and STC Measure based on matrices 2011 ESEC/FSE
[19] IEEE C.S. Business environment and STC Measure based on matrices 2011 IEEE Transactions on Software Engineering
[41] ACM Tool 2011 ICSE
[23] Scopus C.S. Business environment 2012 PROFES
[24] IEEE C.S. Academic environment and STC Measure based on matrices 2012 ICSSP
[33] IEEE Tool 2012 IEEE Transactions on Software Engineering
[35] IEEE Tool 2012 CHASE
[28] Scopus Others 2012 CSCW
[17] IEEE C.S. Business environment 2013 IEEE Transactions on Software Engineering
[1] SB C.S. Business environment(x2) and STC Measure based on matrices 2013 University of Castilla-La Mancha
[44] IEEE C.S. Academic environment 2013 CSEE&T
[4] IEEE Others 2013 RESER
[12] SB C.S. Open Source environment 2013 OSS
[14] SB C.S. Open Source environment 2014 Journal of Software
[13] ACM C.S. Open Source environment 2014 OpenSym
[40] Scopus Tool 2014 Information Sciences
[11] SB C.S. Open Source environment and STC Measure based on matrices 2015 Tampere University of Technology

**SB=Snowballing

Appendix B. Search strings.

Source Search string

IEEE ((.QT.technicaldependencies.QT. OR .QT.technicaldependency.QT.) OR (.QT.socialdependencies.QT. OR .QT.socialdependency.QT.) OR
(.QT.softwaredependencies.QT. OR .QT.softwaredependency.QT.) OR (.QT.socio technical relationship.QT.) OR (.QT.socio technical
congruence.QT. OR .QT.socio-technical congruence.QT. OR .QT.sociotechnicalcongruence.QT.)) AND (.QT.coordination.QT.)

ACM "query": {content.ftsec:(++ "coordination") AND ("software dependencies" "software dependency" "technical dependencies" "technical
dependency" "social dependencies" "social dependency" "socio technical relationship" "socio technical congruence"
"socio-technical congruence" "sociotechnical congruence")}
"filter": {"publicationYear":{"gte":2000, "lte":2016}},
{owners.owner=ACM}

Scopus ALL(("technical dependencies" or "technical dependency") or ("social dependencies" or "social dependency") or ("software dependencies" or
"software dependency")
or "socio technical relationship" or ("socio technical congruence" or "socio-technical congruence" or "sociotechnical congruence") and
"coordination")
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Appendix C. Data extraction form

Information
Id Paper
Title
Reference
Abstract
Extraction
STC Definition
Tools
Metrics
Classification
Tool
Case Study – Academic environment
Case Study – Business environment
Case Study – Open source environment
STC Measure based on matrices
STC Measure based on social network
Others
Secondary Searches (Identified References)
Ref1
Ref2
…
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