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ABSTRACT

Coordination in software development, especially in global software development,
is important because a team cannot perform well unless its team members com-
municate and maintain awareness of each other’s activities. In order to improve
socio-technical coordination, which is coordination among team members who
work on interdependent technical entities, it must be conceptualized and measured.
One measurement of coordination is socio-technical congruence, which calculates
the alignment between technical relationships and social relationships.

The problem is that there are a large number of social and technical factors to
consider when using socio-technical congruence to study coordination. Current lim-
itations with socio-technical congruence include the inability to represent the size of
gaps in coordination between people, the sparse understanding of the role of aware-
ness in conjunction with other coordination mechanisms, and the lack of a technique
with which to model people who are involved in certain communication patterns, but
not assigned to technical tasks.

To address these limitations, this dissertation describes a socio-technical congru-
ence model to study socio-technical coordination. The model focuses on refining
conceptualizations of technical and social relationships between people, on describing
an improved gap technique for calculating socio-technical alignment, and on providing
guidelines on how to study coordination in teams using the socio-technical congruence
model. I first develop the model theoretically from related work. I then conduct two
empirical investigations to address limitations of the model. The first study examines
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awareness, using observational studies, in a small global team. The second study
examines important communicators and people who emerge in coordination despite
having no technical relationships by examining email archives from the same team.
I conduct a third empirical investigation of a large global team to apply the model
to study the relationship between socio-technical congruence and team performance
with the project’s repository. Finally, I revisit the model and improve it based on the
empirical findings.

The model refines conceptualizations of relationships, classifies emergent people
who are suddenly involved with a task or a team during the project, and represents
multi-variable relationships. It includes a template and an accompanying process
for applying socio-technical congruence to study socio-technical coordination. This
model enables researchers to study socio-technical coordination and analyze its effect
on software engineering outcomes such as performance and quality.
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Chapter 1

Introduction

Coordinating the efforts of individuals in a team is necessary to build modern software
systems [133, 112] because these systems have high complexity [64, 218], extensive
interdependencies between components [90, 191, 77], and a need for domain-specific
knowledge [218]. Global software development further increases the difficulty of main-
taining such coordination [111, 119, 45] because the distance reduces the awareness
between team members [72, 89]. Socio-technical coordination is useful for examining
global software teams because such teams are increasingly common [31, 112, 179]
and must cope with interesting social dynamics [119, 156]. Communication in global
software development is often recorded in artifacts which provide visibility of com-
munication and the opportunity to capture and represent social relationships.

Socio-technical coordination, which is the coordination that occurs in an envi-
ronment where social and technical factors interact with each other, is an important
influence on software project outcomes [90, 64]. A good alignment between social and
technical factors is believed to have a generally-positive effect on the performance of
software teams [50, 89]. To study the effect of aligned coordination on software-
engineering outcomes such as quality or cost, a method is needed to conceptualize
and represent these factors in a way that captures the context of an organization.
Socio-technical congruence, a measure proposed by Cataldo et al. [50], is one
such method that can calculate the “fit” between a team’s interpersonal social rela-
tionships and work-derived technical relationships.

1.1 Socio-technical Congruence Example

Figure 1.1 shows an example of three software developers working on three artifacts
that are dependent on each other. In the task assignment step, the team members are
each assigned to work on a task (Figure 1.1(a)). Some of these tasks have dependencies
on other tasks (Figure 1.1(b)). Because the tasks have dependencies, it implies that
the people who work on these tasks have dependencies on each other as well, and
therefore should communicate (Figure 1.1(c)). As Task 3 depends on Task 2, which
depends on Task 1, it implies that Person C should communicate with Person B.
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1
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(a) Task Assignment: Indi-
viduals Assigned to Work on
a Task

(b) Task Dependencies:
Tasks Depend on Each
Other
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ships: the Individuals
Should Coordinate Ac-
cording to their Task
Dependencies

Figure 1.1: An Example Demonstrating the Application of Socio-technical Congru-
ence

2 of 3 technical 
relationships map 

with social 
relationships

0.66 congruence

Figure 1.2: Calculating Congruence by Aligning Social Relationships and Technical
Relationships

Person A and Person B should communicate with each other because Person A is
assigned to both Task 1 and Task 2. A relationship between two team members
based on their work is called a technical relationship.

Once the technical relationships are calculated, we can align a team member’s
technical relationships with his coordination activities in practice, referred to as social
relationships. For example, in Figure 1.2, if A and B talk with each other, but not
with C, then only two of the technical relationships are satisfied and we have 2

3
= 0.6̄

congruence.
If two individuals have a technical relationship, but do not coordinate, then there

is a gap between these two individuals. A gap suggests the existence of a coordination
problem. One of the goals of socio-technical congruence is to minimize the number
of gaps, either by maintaining good coordination between individuals who have a
technical relationship, or by reducing the number of technical dependencies in the
project and therefore reducing the number of technical relationships [187].
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1.2 Studying Socio-technical Coordination

Many social interactions affect socio-technical coordination in global software devel-
opment. Socio-technical coordination has been studied using explicit communication
as the main interaction between team members [50, 30, 101, 84, 47, 166, 223]. These
studies of coordination in software engineering place a large emphasis on communi-
cation, usually conceptualizing it as email, mailing lists, or issue-tracking comments,
or inquiring about communication behaviour through questionnaires. However, there
are a number of social situations that are not well-conceptualized.

The Influence of Awareness on Socio-technical Coordination

The traces that these people leave on their environments provide important cues to
others about their availability and their presence, and this knowledge of others affects
coordination [89]. Awareness represents ongoing knowledge of other’s actions and
their influence on one’s own actions. Awareness is “having an understanding of the
activities of others that form a context for your own activities” [80]. Existing work
has identified that team members who are familiar with each other collaborate even
after they are no longer on the same project [85], and that awareness appears to
benefit coordination [89]. In addition, distance reduces the awareness that team
members have of each other [72] and that too much communication can lead to
information overload [69]. In some cases, communication is not even necessary for
coordination [76, 34]. Though awareness has been examined in the context of global
software teams, it is especially difficult to conceptualize when applying socio-technical
congruence.

Communicators Unrelated to Technical Artifacts

The technical relationships in socio-technical congruence focus heavily on code arti-
facts [50, 84, 188]. Even in a case where requirements are used instead of code, the
project manager could not be included in the conceptualization [151]. Many people
who are not technically involved in the project extensively communicate with others
about work. Explicit communication is defined as intentionally sending informa-
tion to others [175, 133]. Who is involved in communication reflects directly on a
team’s ability to coordinate. Identifying communication patterns may highlight peo-
ple who should be involved in collaborative work, but are not included in technical
relationship networks. Two patterns of interest are important communicators,
who are people that are heavily involved in work-related communication throughout
the team, and emergent people, who are people included in an online discussion
only after an initial set of recipients has been contacted [72, 69].
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Figure 1.3: Aspects of Socio-technical Coordination

The Applicability of Socio-technical Congruence

A small number of studies show a positive correlation between socio-technical congru-
ence and various outcomes [50, 48, 84, 101]. The socio-technical congruence measure-
ment has promise, but continuing to establish the relationship between socio-technical
congruence and the performance of a software-development team is important to
discover the limits of applicability of the measure. More studies of the relation-
ship between socio-technical congruence and coordination-intensive team activities
are needed to firmly establish the conditions under which socio-technical congruence
is beneficial to software engineering outcomes.

Social Aspects in Socio-technical Coordination in this Dissertation

The relationship between the aspects of coordination examined in this dissertation
are mapped in Figure 1.3. Socio-technical coordination is made up of technical re-
lationships and social relationships. Socio-technical congruence takes elements from
conceptualizations of both relationships and measures socio-technical coordination.
Communication is the most common way of conceptualizing social interactions in
socio-technical coordination. Other social relationships, such as awareness, emergent
people, and important communicators, are not as clearly understood. Gaps are also
an area in socio-technical congruence that requires further investigation.



5

1.3 Problem Statement

Socio-technical coordination is important to study, so a method such as socio-technical
congruence is needed to conceptualize it. However, socio-technical congruence has a
number of limitations when it is used to study socio-technical coordination in software
teams.

A gap in socio-technical congruence is represented as a binary relationship.
The socio-technical congruence measure identifies when people’s technical relation-
ships are satisfied by their social relationships. If the technical relationship is not
satisfied with a social relationship, the resulting situation is described as a gap. The
current socio-technical congruence measurement considers that one social relationship
is sufficient to cover every technical relationship—there is no conceptualization that
represents multiple relationships between the two same individuals, nor is there a way
to identify if two individuals’ coordination is slightly out of alignment with their tech-
nical work compared with being not aligned at all. There are likely different “sizes”
of gaps that are affected by the work and by the team’s communication. Without this
fine-grained representation of gaps, it is difficult to identify which individuals in the
network have important relationships that must be bridged with social interactions.

Socio-technical congruence studies are difficult to compare. Another limi-
tation of socio-technical congruence is that studies are difficult to compare because
of the large number of relationships and entities involved. Many existing studies use
different conceptualizations for technical and social relationships, ranging from code
changes [84] to co-changed files [50]. Without a way to compare these conceptual-
izations, it is tiring to catalog the effect of socio-technical congruence on software-
engineering outcomes.

The influence of awareness on a team’s technical work, in the context
of socio-technical congruence, is not well-understood. Most socio-technical
congruence studies extract technical and communication data from repositories, which
has been shown as revealing only a small part of the story [18]. There are numerous
social and organizational factors, such as awareness, team behaviour, and roles, that
influence coordination [196, 69, 107, 89]. If awareness is not represented in socio-
technical congruence, then many aspects of coordination that have been shown as
affecting team behaviour will not be included and socio-technical congruence would
not be able to accurately represent social interaction between team members in a
software team.

Current conceptualizations of socio-technical congruence do not always
involve every relevant team member. Some patterns of communication may
indicate exceptional situations that involve team members who are not necessarily
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part of the team or the current task. Currently, there are no socio-technical congru-
ence techniques that incorporate explicitly important communicators within a global
software team [151]—an important communicator is someone who is heavily in-
volved in work-related communication sent throughout a team. Another communi-
cation pattern that is not explored is emergent people, or people who are involved
in a conversation after it is initiated [69, 72].

If these situations are not considered, then people who are relevant to a global
software team may not be represented in a socio-technical congruence model.

1.4 Research Goal

The goal of this research is to develop a socio-technical congruence model that can be
used for the study of socio-technical coordination in global software teams. Specif-
ically, the model addresses the limitations with using socio-technical congruence to
study socio-technical coordination by describing conceptualizations of social and tech-
nical relationships, techniques to calculate alignment, and instructions on how to
handle exceptional situations. This research refines the conceptualizations of rela-
tionships in socio-technical congruence, improves the representation of alignment,
and describe guidelines and an approach to apply socio-technical congruence to study
socio-technical coordination.

1.5 Research Methodology

To accomplish my research goal, I used the following methodology (Figure 1.4).

1. I developed a theoretical model of socio-technical congruence for the study of
socio-technical coordination by examining related work. During this process, I
attempted to address the limitations in Section 1.3, but two limitations were
still outstanding: the influence of awareness on socio-technical congruence was
unclear, and team members involved in the project were not always captured
in socio-technical congruence representations. These limitations were addressed
in the following empirical studies. (Chapter 3).

2. I performed an empirical investigation to examine the limitation regarding
awareness in the socio-technical congruence model (Chapter 4).

3. I performed an empirical investigation to examine the limitation regarding im-
portant and emergent people in socio-technical congruence model (Chapter 5).

4. I performed an empirical study in which I applied the socio-technical congruence
model to investigate the relationship between socio-technical congruence and
team performance (Chapter 6).
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Empirical Studies

Problem: Socio-technical congruence has 
limitations when it is used to study of socio-
technical coordination in software teams

Methodology: Examine Related Work in 
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Objective 3: Examine Communication 
Patterns
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Objective 4: Apply Socio-technical 
Congruence Model

Methodology: Synthesize empirical 
investigation findings into existing model

Objective 5: Revisit Socio-technical 
Congruence Model

Figure 1.4: Research Methodology

5. I revisited the socio-technical congruence model and refined it according to the
findings from the empirical investigations (Chapter 7).

1.5.1 Developing A Model of Socio-technical Congruence

To develop a model to study socio-technical coordination, I used the socio-technical
congruence measure established by Cataldo et al. [50] as a foundation for the model.
By empirically studying social interactions in software-engineering cases, I was able
to incorporate insights about coordination into the socio-technical congruence model.

Objective 1: To develop a socio-technical congruence model that
explains what conceptualizations belong in the model, what el-
ements belong in the model, and how to calculate alignment.

Based on related work in team cognition and software-engineering coordination, I
developed a theoretical model of socio-technical congruence. I also examined existing
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studies that use socio-technical congruence. However, the initial model still had
limitations in how to incorporate aspects such as awareness, as well as exceptional
situations such as important communicators and emergent people.

1.5.2 Empirical Investigations

To address the limitations of the socio-technical congruence model, I conducted em-
pirical investigations on two industrial software teams. The first team, called Ship,
was a small global software team in a large corporation. The second team was IBM R©

Rational Team Concert R©1 (RTC).
I describe below the reasons why these projects were selected for the research. In

the following sections, I address how the empirical investigations address limitations
of socio-technical congruence.

Project Selection

Ship and RTC were chosen because they were recent global software projects working
on complicated systems. The project teams were accustomed to distributed develop-
ment. RTC has seven sites; the Ship project involved two development sites in the
primary team, though others not in the immediate team were distributed as well.
Both projects were industrial projects within large, multinational companies. The
projects, with respect to both team size and code base, were large enough to make
coordination a relatively complicated task. In these respects, both Ship and RTC
were suitable projects within which to study socio-technical coordination.

These cases were also selected partly because of convenience. Gaining access to
industrial projects is difficult in software engineering research. The opportunity to
enter Ship and to closely observe the team members working with each other was
an extremely rare opportunity. The head of IT within the organization endorsed the
research that I was conducting and gave permission to the employees to meet with
me. This buy-in from management is usually very difficult to acquire. For RTC, IBM
provided a repository that included a year’s worth of issue-tracking data, including
comments and build results. Managers at IBM endorsed our work and provided us
with the opportunity to speak with the RTC team members.

Rather than examining a single project, I decided that there was more value in
investigating multiple projects from different perspectives. Thus, the data collected
from RTC and Ship differed in many ways.

Conceptualizing Awareness Using a Socio-technical Congruence Model

To study awareness in a global software-development team, I examined the Ship
project in situ to gain an understanding of its awareness practices and their use for
coordination.

1IBM, Rational, Jazz and Rational Team Concert are trademarks or registered trademarks of
International Business Machines Corporation in the United States, other countries, or both.
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Objective 2: To examine awareness and to identify how aware-
ness within a global software-development team can be concep-
tualized within a socio-technical congruence model.

Completing this objective provides the information to refine conceptualization of so-
cial relationships and addresses the lack of awareness conceptualizations by providing
an understanding of how coordination occurs in practice within a software team. Ex-
amining these relationships also provides information about what information should
be modelled in the socio-technical congruence model.

The research questions for this study are exploratory in nature. They are:

• Research Question 2.1: How do team members maintain awareness of each
other’s activities in a global software-development team?

• Research Question 2.2: What actions do team members take during an aware-
ness breakdown in a global software-development team?

In this empirical investigation, I reported on how the Ship team maintained aware-
ness, and reported on awareness breakdowns based on direct observations, on inter-
views, and on qualitative examination of their email archives.

Representing Communication Patterns in Socio-technical Congruence

To study communication patterns in a global software-development team, I acquired
email messages from five team members in the Ship team as part of my awareness
study.

Objective 3: To examine communication patterns, which in-
cludes important communicators and emergent people, and to
identify how communication patterns can be represented within
a socio-technical congruence model.

Completing this objective provides information to model exceptional situations such
as those involving important communicators and emergent people.

The research questions in this study are exploratory in nature. They are:

• Research Question 3.1: What are the characteristics of important communica-
tors within a global software team?

• Research Question 3.2: What situations in email involve of emergent people?

In this empirical investigation, I modelled communication as email, and investi-
gated email communication patterns among team members in Ship. I studied socio-
technical coordination by examining the team’s work-related email messages. I iden-
tified important communicators and what their role within the team was using social
network analysis, as well as emergent people using qualitative methods to form an
initial model of their involvement in communication.
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Applying Socio-technical Congruence to Study the Relationship With Team
Performance

I applied the socio-technical congruence model to investigate the relationship be-
tween socio-technical congruence and the performance of a global team working on
coordination-intensive activities, and to investigate the applicability of a proposed
gap size measurement to investigate a empirical investigation.

Objective 4: To apply the socio-technical congruence model
to determine the relationship between socio-technical congru-
ence and the performance of a global software-development team
working on coordination-intensive activities.

Completing this objective provides me with knowledge that a preliminary application
of the model provides valuable and useful results for coordination, and illustrates the
value of gap size and weighted congruence extensions in the socio-technical congruence
model.

The research questions are:

• Research Question 4.1: Does socio-technical congruence have an effect on build
success probability?

• Research Question 4.2: Does gap size have an effect on build success probability?

I conceptualized a coordination-intensive activity as a software build. A software
build either succeeds, meaning that the team was able to perform well and integrate
successfully, or it fails, meaning that the team had a coordination problem. Thus,
I was able to use traceable connections in the RTC repository to identify if socio-
technical congruence influences the probability that a build is successful. I also applied
a gap size calculation that I developed as a part of the socio-technical congruence
model.

Previous work in socio-technical congruence [50, 48] established a precedent that
increased socio-technical congruence correlates with increased performance within
software teams. Thus, in the RTC project team, I hypothesized the following.

Hypothesis 4.1: Increasing socio-technical congruence correlates
to increased team performance.

I examined the effects of a gap size and its relationship to team performance in
RTC. A gap in socio-technical congruence suggests that there is a lack of coordination
where coordination should be occurring, and thus could be considered as a negative
influence. Ehrlich et al. [84] found that increased numbers of gaps led to increased
code check-in incidents. Following this logic, a large gap size would be considered less
desirable than a small gap size or no gap size at all. I hypothesized the following.
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Hypothesis 4.2: Decreasing the gap size correlates to increased
team performance.

In addition to investigating these hypotheses, I also examined additional influences
on build success probability within the context of the RTC project.

1.5.3 Revisiting the Socio-technical Congruence Model

My final research objective is:

Objective 5: To improve the socio-technical congruence model
developed in Objective 1 by incorporating the results of the
empirical investigations from Objectives 2, 3, and 4.

Using the empirical results of the empirical investigations, I incorporated the find-
ings into the socio-technical congruence model. I refined the existing model’s concep-
tualizations and provided guidelines on how to apply socio-technical congruence to
study socio-technical coordination.

Completing this objective fulfills the research goal outlined in this dissertation.

1.6 Contributions

The contributions of this thesis are the socio-technical congruence model and em-
pirical findings from the studies. The findings from the Ship empirical investigation
and the RTC empirical investigation revealed a number of empirical findings directly
related to socio-technical coordination. These results led to the improvement of a
socio-technical congruence model for software-engineering research.

1.6.1 A Model for Applying Socio-technical Congruence

The main contribution of this dissertation is a model that describes how to apply
socio-technical congruence for studying socio-technical coordination that
addresses the limitations of existing socio-technical congruence techniques.
This model integrates empirical findings of social coordination that I observed during
my studies. The model guides a researcher who is planning to apply socio-technical
congruence to examine software teams and performance outcomes that may be af-
fected by social and human factors.

The elements of the model are refined conceptualizations of social relation-
ships and technical relationships, techniques for calculating alignment, and
methods for modelling exceptional situations (Figure 1.5). The model contains
guidelines advising how to select appropriate technical entities and social relationships
when studying a global software development team, and a template to enable compar-
ison of different studies. It suggests including emergent people by adjusting technical
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Figure 1.5: Elements of the Socio-technical Congruence Model

relationships over time and including important communicators by broadening tech-
nical relationships to include these relevant people. It also provides instructions on
using alignment techniques such as weighted socio-technical congruence, gap size, and
multi-variable modelling to accurately represent the team and its interactions.

1.6.2 Empirical Findings

The other contribution of this dissertation is a number of empirical findings about
socio-technical coordination in software-development teams.

Team members coordinated using multiple forms of media, often simulta-
neously. Many types of media were used to acquire information, including phone
meetings, emails, instant messenger, and personal visits. Developers also used the in-
tegrated development environment to study traces left by others on the environment,
and were able to work on source-code changes based on this information without nec-
essarily having to engage in communication. Often, multiple media types were used
simultaneously by the team members to communicate different types of information.

Experienced team members were aware of the tasks of others such that
they could identify and bridge awareness gaps by coordinating. Experi-
enced team members recognized when team members had coordination issues with
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other team members, and were able to help bridge these gaps and enable communi-
cation.

When awareness breakdowns occurred between team members, experienced team
members were swift to recognize these breakdowns and take appropriate action in-
forming others about the situation.

Socio-technical coordination in software-development teams involved ex-
pert knowledge sharing, but also planning and routine tasks that involved
managers and support staff. Much of the information exchanged in a software-
development environment involved expert knowledge, planning and coordinating ac-
tivities, and requesting or providing permission to execute tasks. Environment coor-
dinators involved with setting up the IT infrastructure of the team were especially
important team members.

People were found to emerge into a discussion due to unexpected events,
requests from others, announcements, and following-up on events. Iden-
tifying these situations illustrated why experts appeared in conversations. Similarly,
emergent repliers were found to reply to a discussion because they consulted with
experts, provided resource or status updates, reported results, or provided expertise.

The context of a coordination-intensive activity influenced whether socio-
technical congruence is beneficial for that activity. Socio-technical congru-
ence had different effects on certain types of software builds. In particular, socio-
technical congruence correlated with the probability of success for continuous builds,
but was inversely correlated with the probability of success for integration builds. In-
tegration builds involved a large number of components from different teams, whereas
continuous builds involved changes from within a local functional team. The degree of
awareness in RTC may have affected how they coordinated their builds. The impor-
tant result is that increasing socio-technical congruence does not necessarily improve
an organization’s performance—context and conceptualizations affect performance
outcomes.

Communication between individuals occurred when problems arose. De-
velopers were more likely to communicate proportional to the number of dependencies
they had with others in failed builds than in successful builds. In other words, there
was a larger amount of communication relative to the number of technical dependen-
cies between developers in a failed build compared to the amount of communication
in a successful build. This suggests that the developers have an idea of when build
will fail, and increase communication along their dependencies to compensate for this
failure; alternatively, a complex build that is likely to fail may also have required
more communication among developers than a simple build.
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1.7 Dissertation Structure

The remaining chapters of this dissertation are arranged as follows (Figure 1.7).
Chapter 2 outlines the existing work in software-development team coordination,

with a particular emphasis on socio-technical coordination and communication.
Chapter 3 describes an initial socio-technical congruence model based on descrip-

tions and empirical investigations of socio-technical congruence from related work. It
also outlines the limitations with socio-technical congruence that must be explored
further.

Chapter 4 describes a study of awareness by examining the Shipping system
project. I describe the information that is exchanged between team members, how
they maintain awareness of each other, and instances in which awareness broke down.

Chapter 5 describes a study of communication by examining the Shipping System
project. I describe the profiles of important communicators within the team, as well
as situations around emergent people who are involved in email discussions.

Chapter 6 describes the Rational Team Concert empirical investigation. In this
empirical investigation, I examine the effect of socio-technical congruence on team
performance. I apply the socio-technical congruence model and a weighted congruence
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measurement.
Chapter 7 presents the revisited socio-technical congruence model inspired by the

results of the empirical investigations. This model presents refinements to concep-
tualizations and guidelines about how to apply socio-technical congruence to study
socio-technical coordination.

Chapter 8 concludes the dissertation and discusses future work.
A glossary of terms appears at the end of this dissertation after the appendices

for the benefit of the reader.
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Chapter 2

Background and Motivation

Current software systems require contributions from tens or hundreds of people who
may span multiple offices, cities, or even continents [116, 73, 72, 26]. Reasons that
global software development has taken off include acquiring specialized talent from
overseas markets, cost-savings, and reducing the distance to the customer [41]. How-
ever, global software development is known to increase the amount of time required
to solve issues [116], and is subject to a number of social issues, such as cultural con-
siderations [59, 167, 122]. To build such systems, we need to ensure that the team is
not only capable of developing components of a system, but also has the governance
to be able to integrate the interdependent parts into a whole. As a consequence, it
is important to be able to understand how people coordinate their work in such an
environment.

In this chapter, I explain the importance of studying socio-technical coordination.

2.1 The Importance of Coordination

Software engineering is largely a design discipline [64, 115] and is extremely labour-
intensive [32, 51]. As a consequence, the average worker in software engineering
usually ends up being an expert in some element of the system. Effective coordination
and agreement among these team members thus becomes a prerequisite to effective
software development [133].

Coordination is a well-established concept with a consistent set of definitions.
Van de Ven defines coordination as “integrating or linking together different parts
of an organization to accomplish a collective set of tasks” [213], which takes a top-
level organizational view of the issue. Malone and Crowston define it as “managing
dependencies between activities” [146], which makes explicit the concept that if there
are no dependencies, then no need for coordination exists.

Research in software-engineering coordination has examined interactions among
software developers [42, 151], how they acquire knowledge [85, 163], and how they
cope with issues such as geographical separation [89, 111]. The ability to coordinate
has been shown as an influential factor in customer satisfaction [133] and improves the
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capability to produce quality work [91]. A study by Nagappan et al. [162] showed that
elements of the organizational structure were able to failure proneness in a large prod-
uct. Similarly, communication patterns have also been used to predict build quality,
suggesting that communication structures have an influence on build outcomes [223].

One of the objectives of software-engineering research is to improve the perfor-
mance of software-development teams. By making these teams work together ef-
ficiently, software can be delivered in a timely manner, with fewer defects and less
waste. Coordination is an influencing factor on software project outcomes [90, 64] and
on the performance of software teams [133, 89], but can be difficult to conceptualize
and measure.

2.1.1 Coordination in Global Software Development

The problem in global software development is that communication over distance is
difficult. Response time of remote teams is delayed [116, 69] and cultural and social
issues interfere with a team’s communication. The awareness that team members
have of others is limited and thus are reliant on explicit communication [103] or
communication through bug-tracking and code workspaces [186, 104, 20]. Time zone
issues affect product quality [43] as well as global organizational structuring [156].
Cultural factors may also come into play, affecting the quality of the team’s cognitive
understanding of the issue at hand, or their interaction with each other [113, 167, 122].

There is evidence that a unified team using an effective tool can mitigate some of
the effects of distance by providing awareness [166, 20]. Another study observes that
failures are not affected by distance [28]. Some of the factors that are discussed as
affecting the effects of distance include a symmetric relationship between the sites,
synchronous communication, consistent tool use, good organizational integration, and
strong feelings of ownership for the end product [28]. Note that these factors indicate
that the team has a good understanding of the task, the team, and the interactions,
and thus indicate that the team shared an effective mental model.

Although distance has been identified as a challenge, advances in collaborative de-
velopment environments are enabling people to overcome challenges of distance. Tech-
nology that empowers distributed collaboration include topic recommendations [42]
and instant messaging [168]. Processes are adapting to the fast pace of software de-
velopment: the Eclipse way [95] emphasizes placing milestones at fixed intervals and
community involvement. One study of early RTC development shows that the task
completion time is not as strongly affected by distance as in previous studies [166].
Bird et al. found that distance between teams did not significantly affect the number of
end-user failures in binaries [26]. Existing research reports that team efficacy leads to
improved performance [153], and literature in distributed software engineering speaks
frequently about the benefits of building trust among the teams [41, 119, 100, 153].
Though distance has been shown to change the way that people need to coordinate,
the impression is that distance is the new reality, and development teams are coping
with the changes.
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2.1.2 Studying Socio-technical Coordination

The phrase “socio-technical coordination” was used by Herbsleb [112] to describe key
issues regarding software engineering research. He states that global software devel-
opment is the future of socio-technical coordination, and that the “key phenomenon
of global software development is coordination over distance”.

An ongoing need is the ability to examine team interaction and coordination in a
global environment. Because communication across distance can be expensive[116],
and awareness overload can lead to problems [69], ensuring that coordination is not
only effective, but efficient is important. Identifying the relationship between coordi-
nation and the performance of a team continues to be a key motivation for research,
as well as for the software industry. Thus, being able to conceptualize and mea-
sure socio-technical coordination and relate it to performance is important both to
researchers as well as practitioners.

2.2 What is Socio-technical Coordination?

Before I further investigate persistent issues in global software development, I investi-
gate the history of “socio-technical coordination”. There appears to be no definition
in the literature of what precisely socio-technical coordination is. Herbsleb leaves
the phrase’s definition implicit [112]. In “Global Software Engineering: The Future
of Socio-technical Coordination” he describes “technical coordination in geograph-
ically distributed projects” and defines coordination using Malone and Crowston’s
definition—“managing dependencies among tasks” [146]. “Socio-technical” fits the
profile of a software-development project, which of course involves social aspects as
well as technical ones. One of the points mentioned is the notion of “fit” of a soft-
ware architecture with the organization that will build the system. This fit refers to
Cataldo’s work on socio-technical congruence [50, 48], which emphasizes the align-
ment between the dependencies of the technology that the organization is building,
and the organization’s communication.

The importance of defining socio-technical coordination is to ensure that re-
searchers have a common frame of reference when it comes to addressing coordination
issues in global software development. Many of the concepts overlap heavily in mul-
tiple frameworks, especially from the computer-supported co-operative work area.
Neale et al. [164] present a model for evaluating “activity awareness” of others, build-
ing a base on contextual factors and growing common ground from both coordination
and communication. The 3C model [96] defines three categories, “coordination”,
“co-operation”, and “communication” for groupware classification, enabling applica-
tion developers to classify their work accordingly. Sarma et al. [190] also presents
a classification framework for tools based on Maslow’s hierarchy of needs. Each of
these models and frameworks identify characteristics of existing tools and methods,
and whether they address concepts like coordination, communication, and aware-
ness. However, these frameworks do not explain how to conceptualize and study
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socio-technical coordination in such environments.
In order to understand socio-technical coordination and the need for such coordi-

nation in global software development, I begin by investigating the earliest reference I
could find to “socio-technical”, which is socio-technical systems [55]. I then examine
how coordination is carried out in socio-technical environments, and extend this coor-
dination to related work in distributed socio-technical environments that are related
to software engineering. The purpose of this discussion is to ground our understand-
ing of the term “socio-technical system” firmly into the domain of global software
development.

2.2.1 Socio-technical Systems Theory

The phrase “socio-technical” appears to come from a theory proposed in the 1970s
regarding the interaction between social systems and technical systems. This theory
is called “socio-technical systems theory” [36].1

The term “socio-technical system theory” was first brought up in the context of
management information systems (MIS) [55]. Socio-technical systems, alternately
known as socio-technical theory, is a theory in organizational research regarding the
interaction between humans and technology in the field of business efficiency and
productivity. Bostrom and Heinen describe the socio-technical systems approach as
follows [36]:

A work system is made up of two jointly independent, but correlative
interacting systems—the social and the technical. The technical system
is concerned with the processes, tasks, and technology needed to transform
inputs to outputs. The social system is concerned with the attributes of
people, the relationships among people, reward systems, and authority
structures.

Bostrom and Heinen continue to state that [36]:

The STS approach argues that any design/redesign of a work system must
deal jointly with the social and technical systems.

MIS, in particular, has a direct influence on the technical system, which contains
the technology and the tasks, or processes, within in the organization (Figure 2.1).
The reason that this is interesting is because any software-based tools that are intro-
duced will affect technology and tasks. When we extend the organization to a global
software organization, the influence of technology, which is influenced by MIS, grows
immensely.

1Interestingly, “supporting congruence” is a principle that is mentioned in one of the early ref-
erences to socio-technical systems theory [55], though in their context it refers to the idea that the
system must be designed so that it matches the values of the organization. This definition of “con-
gruence” is somewhat different from the formal “socio-technical congruence” defined by Cataldo et
al. [48].
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Figure 2.1: Interacting Variable Classes Within a Work System from Bostram et
al. [36]

Bostrom and Heinen [36] describe a number of conditions that are the major causes
of inadequate designs and unsuccessful change strategies within the field of MIS, and
argue these conditions as the rationale for why such an approach that integrates
both the social systems and technical systems is essential. These conditions include
such points as the “implicit” theories held by systems designers about organizations,
the weak conceptualizations for organizational work systems, the limited view of
the goal of an MIS implementation, the inability of the designer to include relevant
people when examining the system’s needs, the static view of the systems development
process, and the limited ability for a designer to engage organizational change.

In the past thirty years, a number of these issues have been remedied to some
extent, or if not remedied, at least investigated extensively in software engineering
and management information systems research. For instance, the requirements engi-
neering discipline has largely identified the importance of involving the end user, and
agile software processes have made systems development more flexible.

Of course, the large, mainframe-based MIS systems of the 1970s and 1980s are not
quite the same today. Gone are large server rooms—now, a desktop exists on each
person’s desk. Working at a computer with network access is considered mandatory
equipment in a software development company. Yet, despite the shift in MIS from
large, monolithic systems to systems that are focused on individuals, the variables
within the organization still hold relevance. Perhaps even more relevant is that the
designers of MIS no longer design for their own organization only, and in this respect,
considering these variables’ effect on the organization becomes even more poignant.
More than ever, the interactions between people and technology affects the business.

Currently, the term “socio-technical system” generally describes the environment
in which human beings work (e.g. [169]). “Socio-technical” has been occasionally
applied to software engineering; one such case being in Al-Rawas and Easterbrook’s
description of communication problems in requirements engineering [14]. Again, the
phrase is not defined or attributed to a source.

Thus, an appropriate definition of a socio-technical system is as follows. “A socio-
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technical system is an organization or a sub-organization that requires interaction
between humans and technology to carry out its assigned goal.” The key elements
in the definition is that humans and technology must interface, and that the people
working together generally function as a team.

The implication of the socio-technical theory is that a manager should remember
that the technology and its interaction with the environment has an impact on the
organization, and that a systems designer should consider human aspects, such as
the user experience, when designing systems. Failing to do so results in inadequate
software systems that fail to meet the needs of an organization. Though this problem
was identified was early as 1976, it remains relevant today.

2.3 Teamwork in Socio-technical Environments

The formalization of socio-technical theory elevated the human to a top-level entity,
and focused particularly on the importance of a manager or systems designer in
affecting the system. As a single person’s knowledge of a system is specialized as
well as limited, that person often is unable to make the appropriate modifications in
dependent components when a component is changed. Coordination is necessary to
ensure that a client’s requirements are being met [14, 73] and software team members
must coordinate within teams as well as among teams to ensure that each component
integrates successfully into the system[175, 115, 113, 78].

Many models and theories have been proposed to describe the forces that allow
a team to work together. The concept of some kind of group-based knowledge is
well-researched (e.g. [131, 53, 57]). Understanding the cognition that occurs within
a team provides some groundwork for understanding team coordination.

A team consists of two or more people who have shared objectives and are willing
to work to accomplish a common goal [184]. In addition, Cannon-Bowers [39] distin-
guishes a team as having clearly-defined roles and task-specific knowledge. I specify
the definition of a “team” for the same reasons as Cannon-Bowers [39] and Cooke [57]
do: A team is different from a group because the team has a common goal, and each
member of a team has a distinct set of role and specialized knowledge, whereas a
group usually refers to a large number of people. Implicitly, the team members also
have dependence on each other—this dependence implies the need for coordination
within the team.

Much work has been done on cognition of teams in the workplace, especially
in the naval and military contexts [220, 123, 109, 169, 197] but cognition has also
been examined within design teams [39, 161, 21]. These studies each examine how a
team interacts with each other and their environment in order to accomplish a design-
oriented set of tasks. Various labels and models have been applied, such as distributed
cognition [124], team knowledge [57], and team mental model [131]. However, all
of these labels generally refer to the idea that aspects of cognition within a team,
especially in relation to performance, differ from individual cognition [153].
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The “mental model” [131] in particular has received attention as an explanatory
model referring to one’s understanding of complicated schemes. The mental model
was adapted to the team setting by Cannon-Bowers et al. [39]. In the team context,
a mental model is a knowledge or a belief structure. There are two models that a
team develops: a task model, which represents the team’s understanding of the task;
and a team model, which represents the team’s understanding of the capabilities of
the team members. Klimoski and Mohammed [131] detail the meaning of a “team
mental model” as “organized mental representations of the key elements within a
team’s relevant environment that are shared across team members”.

Cannon-Bowers et al. go into more depth and proposes a taxonomy of four men-
tal models: the task model, the equipment model, the team model, and the team
interaction model [39]. This model is well-suited in a socio-technical system, as it
separates equipment into a separate model. Interestingly, the elements that appear
in this taxonomy reflect quite closely the interacting variables described by Bostram
et al. [36] (Figure 2.1).

Some of the key points of studies of communication from a cognitive point of view
allow us to identify what interactions occur between individuals, as well as between
individuals and their technical environment. Key elements include the propagation
of the representative state of the system through speech channels and using artifacts
for memory [124] and shared situation rooms [203] that allow team members to form
a common understanding of the current contexts.

This informal “creation” of understanding is very important especially with re-
spect to how people interact in shared spaces. For instance, Suchman describes a
“situation room” where people work, and discuss explicit exchanges of information,
such as conversation, as well as implicit exchanges such as eye gaze [203]. Such a
setup allows for the people at work to engage in what is referred to as a “common
focussed gathering” [sic], in which everyone’s attention is directed toward one partic-
ular scene. These implicit cues are not limited to socio-technical environments; they
have been used as the basis for the design of robots [197] that interact with humans.

In this dissertation, I will use the term team mental model as a general encom-
passing phrase that refers to a person’s mental model of the team and team inter-
actions. There is a body of knowledge focused on shared mental models on design
teams [39, 21], on team performance [161, 153], and on collaboration [39, 87] that
each reflect on the team mental model.

2.3.1 Benefits of a Team Mental Model

A literature review of the team mental model construct concludes that having a
unified team mental model benefits team performance [161]. Other reviews and stud-
ies (e.g. [153, 130]) support this statement. One of the ways in which the mental
model accomplishes this is because the team engages in reinforcing behaviour. For
example, Oser et al. [172] found that offering information before it was requested
promoted team effectiveness, and previous work has shown that mental models can
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provide a set of organized expectations from which accurate, timely predictions can
be drawn [202, 182]. Cannon-Bowers et al. describe one of the primary benefits of a
shared mental model as being the creation of not necessarily the model itself, but of
“shared expectations” [39].

Common training programs that teach team members how to coordinate effi-
ciently, without coordination overhead, is one way to achieve a team mental model.
Team members with training were able to better anticipate each other’s information
needs [87, 202].

2.3.2 Coordination and the Team Mental Model

The team model and the team interaction model refer to an understanding of a
team member’s abilities, as well as the communication patterns that occur within the
team. Espinosa et al. made the link between shared mental models and coordina-
tion in software development explicit [88, 89], describing a number of propositions,
including “shared knowledge of the task and shared knowledge of the team help team
coordination”.

Coordination can be executed in one of two ways, according to March and Si-
mon [147]: by programming or by feedback. Coordination by programming in
this case means that every participant follows a prescribed process. Coordination
by feedback involves people adjusting their actions based on receiving new informa-
tion.

The terms that March and Simon use are somewhat overloaded in socio-technical
environments. For instance, “programming” in the organizational sense implies pro-
cess, but part of a process may involve reacting to feedback.2 In a socio-technical
environment, reading a number from a digital display could be considered feedback,
but part of the programming may be to react in a certain way depending on what
the digital display says.

Thus, I choose to substitute the word “programming” with protocol, and “feed-
back” with communication, and clarify their meanings below.

Protocol

Protocol is executing actions according to a pre-defined set of rules. For example,
a number of cars stopping at a controlled interaction run by traffic lights do not
communicate per-say, but they react to the traffic lights. The rules that “red means
stop” and “green means go” are protocol rules that are widely understood.

In many organizations, many protocols are not explicitly defined, and in fact the
members may not consciously recognize what they are doing as protocol. This has
been illustrated by the studies cited above [124]. This is where the concept of “team
mental model” comes in: the more unified the mental models are of the team members,
then the more likely that they are able to recognize and follow the protocols.

2In addition, the word “programming” in software development means, “writing a program”!
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Protocol exists in most software engineering groups. One of the most commonly-
used protocols is source-code version control, such as CVS [3], SVN [6], git [8], and
Mercurial [11]. The team requires that the code written at a developer’s individual
workstation be checked into some kind of repository, and that others will retrieve the
code once it has been checked in.

Protocols may also happen at a higher level, such as through project planning
and issue-tracking (e.g. JIRA [7], Bugzilla [9]). Many are implicit; even agile teams,
which make a point of avoiding heavy processes, have protocols regarding feature
release planning and coordination support [198].

Communication

Communication is the act of sending information to another person. Communication
is explicit, intentional, and involves at least two people. Talking to someone face-
to-face, sending someone an email message or writing a comment directed to them
in a repository are each considered intentional and direct communication, which I
call explicit communication. Passive methods of communication, like being present
in the office and therefore leaving evidence of your presence to others, is implicit
communication. Other examples of a person engaging in implicit communication
include that person reading a field manual whose author is not known or that person
making an action in a repository that results in the software system sending out an
automatic notification to others broadcasting the action.

2.3.3 Awareness as a Reflection of the Team Mental Model

The social cues and hints that a person receives from the environment and from other
team members contributes to their ability to coordinate. This concept is captured in
our earlier descriptions of the team mental model. However, the team mental model
refers to a person’s internalized, long-term knowledge of how a team works and does
not describe a person’s immediate knowledge of a situation.

Dourish and Bellotti define awareness as “having an understanding of the activ-
ities of others .... that form a context for your own activities” [80]. Awareness has
been described as a type of knowledge. Espinosa distinguishes between awareness as
“fleeting knowledge”, which is the short-term knowledge that an individual has of a
situation, and explicit knowledge, which is tacit [89]. Whereas explicit knowledge is
often transferred through explicit communication, such as in written documents or
email [218, 19], fleeting knowledge can be transmitted through the above methods,
but also through less obvious cues such as eye gaze or even online presence indica-
tors [124, 37, 97].

The definition of awareness resembles the definition for a team mental model,
which is an “organized mental representations of the key elements within a team’s
relevant environment that are shared across team members” [131]. Similarly, Cannon-
Bowers et al. describe a category in the shared mental model conceptualization as
“the knowledge of the team member’s knowledge, skills, and abilities” [39]. In these
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respects, awareness relates highly to a team mental model. A team mental model
is a richer description that describes what a person understands about his team.
The distinction is one of temporality: that is, whereas a team mental model is an
overall, long-term understanding of how the team works together [131], awareness is
knowledge of the current circumstances and situation [89].

Coordination, team mental models, and awareness are interrelated. Entin et
al. [87] proposed that ongoing coordination would help the team acquire a shared
mental model, and observed that a team with a shared mental model was able to
coordinate implicitly. Similarly, Khan et al. [130] found that implicit coordination im-
proves sharedness accuracy, that is, a team’s understanding of a situation. Heath [109]
reinforces that there is no point in time at which awareness is achieved, and that rather
it is “ongoingly achieved in collaboration with others”. Espinosa et al. [88] conducted
a study of awareness and conclude that shared mental models contribute to software
development, and that familiarity with technical artifacts contributed to the shared
mental models of both the task and the team. In another study with a similar setting,
the same authors found that shared knowledge of the task, as well as task awareness
and presence awareness helped aid coordination in software development [89].

The use of electronic communication media, especially written email, severely
limits social context cues [217]. Yet, at the same time, the ease of sending electronic
messages can enable individuals to become more aware. Fussel et al. [97] postulate
that having awareness of others’ activities, for example by being CCed on email,
helps others coordinate their work. Garton and Wellman [99] identified that those
who use email are more aware of events in an organization than those who do not use
email. The phenomenon of “information spillover” in email is mentioned by Kraut
and Attewell [134] as one of the reasons why those who extensively used email were
more informed in an organization than those who did not.

Social presence theory [217] refers to the feeling that other actors are involved in
the communication. In an interpersonal context, this phenomenon has been labelled
presence awareness [37]. These clues are often provided through nonverbal cues,
such as physical presence, open or closed doors, and lights being on or off. There
have been numerous attempts to introduce clues that would ordinarily be available
in proximity to online tools.

Awareness in Distributed Software Development

Due to issues with communication across large distances, a lack of awareness in soft-
ware development can lead to rework and confusion within the team [69]. If someone
is not aware of changes made to a requirement, then that person may not proceed
on working on a task, or worse, may overwrite previously-made changes. If critical
information is not processed in a timely fashion, the coordination breaks down and
mistakes in development can occur [138]. Awareness problems are especially pro-
nounced in global software development, where distance reduces awareness clues and
increases the reliance on digital communication [72].
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A study of a distributed team found that distance affects the perception of aware-
ness across team boundaries [69]. Similarly, Cataldo et al. [46] conducted a study
on “coordination breakdowns” in a distributed team, and identified a number of sit-
uations where team members failed to communicate with each other, resulting in
integration problems. Their study identified that the dependencies between different
modules, and the lack of coordination around them, were prime causes of technical
issues within the project. However, Erhlich and Chang [85] examined different facets
of awareness, concluding that developers who were familiar with each other in the
past were more likely to consult with each other, even across project boundaries and
distance.

Developers become aware of the system and of others’ activities through mecha-
nisms such as APIs [78] and through actions they leave on shared artifacts [103, 34].
Issue-tracking tools [102, 54, 166] are particularly common for task awareness. Aware-
ness within source-code control systems have been studied as well though there is not
much evidence of its widespread adoption [186, 189].

2.3.4 Communication in Distributed Software Development

Software developers spend much of their time communicating [175]. Because de-
velopers face problems when integrating different components from heterogeneous
environments, developers engage in direct or indirect communication, either to coor-
dinate their activities, or to acquire knowledge of a particular aspect of the software
[163]. Herbsleb et al. examined the influence of coordination on integrating software
modules through interviews [113], and found that processes, as well as the willing-
ness to communicate directly, helped teams integrate software. De Souza et al. [76]
found that implicit communication is important to avoid collaboration breakdowns
and delays. Ko et al. [132] found that developers were identified as the main source
of knowledge about code issues. Wolf et al. [223] used properties of social networks
to predict the outcome of integrating the software parts within teams.

Meetings and phone calls are common, as well as informal “water cooler” discus-
sions [133]. However, this kind of interaction cannot occur over distance. Telephone
conferencing and video conferencing displays help mitigate this by providing syn-
chronous communication similar to face-to-face discussions [81, 40, 71].

Across distributed offices, the team members may use formal documents such as
project plans and written documentation [176, 143] or perhaps Wikis [67]. These
written communications are extremely important to facilitate communication with
distributed sites [156]. They may use less-formal methods of communication in-
cluding issue-tracking systems [102, 103, 166, 10, 5], email [158, 103, 206], instant
messenger [106, 125, 168], real-time displays [42], or even microblogging [193].

Email Communication within Socio-technical Organizations

Email is prominent in modern society. In AOL’s Fourth Annual “Email Addiction
Survey”, 46% of email users said they’re hooked on email, 51% check email four or
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more times a day, and 62% of people check work email on the weekends [4]. As early
as 1988, Sumner [204] observed that email is useful for providing information updates
and scheduling activities, and that with respect to managerial functions, 41% of sent
messages and 33% of received messages were “organizing”, which consists of request-
ing information, notifying others of decisions, and replying to requests. Dabbish
and Kraut report that email is generally viewed as very important in projects that
have high task interdependencies [65]. Employees at an organization were interrupted
almost every five minutes by email, and responded within six seconds [127].

Many software-development organizations use email for communication. Email is
considered a standard method of communication in a number of organizations (e.g.
[79, 154, 206, 214]). While I know of no specific study that surveys the use of email
in software-engineering teams, independently-executed studies of individual software
teams indicate that email is used frequently in such teams (e.g. [119, 206, 74, 18, 154,
142]). Usage varies depending on the company, as well as the geographical location
of the office [206]. Open-source projects utilize email heavily, especially through
mailing lists [158, 103, 181]. Some empirical studies report on the use of email by
employees [154] but in many cases I believe that the wide-scale adoption of email is
taken for granted.

Most of the existing research on email use in organizations can be classified into one
of three categories. The first category investigates how individuals use and manage
their email, with particular attention paid to the tasks that an email system is used
for other than communicating with others. The second category are quantitative
investigations of email use, with particular attention given to reply prediction. The
third category is a more general view of how email affects the organization in which
it is used.

There is a body of knowledge that has conceptualized an individual’s email use,
especially with respect to use of email client software. Research has investigated how
an individual organizes messages and uses email systems, [221, 92, 22] and how that
person conceptualizes the messages arriving in the inbox [74, 92, 206]. Dabbish et
al. [66] identified that individuals use email for four purposes: project management,
task delegation, and reminders; information exchange, storage, and retrieval; schedul-
ing and planning; and social communication. This style of research directly led to
proposals of improved tools and visualizations for managing email. [23, 214, 215, 93].
There are very few distinctions on how certain organizational roles use email, other
than the observation that managers tend to use email in a slightly different manner
than others in the organization.

The next level of detail looks at how people use email to communicate with others.
Reply analysis and prediction is a quantitative way to examine email and provides
some insight into communication patterns in an organization. Dabbish et al. [66]
identified a number of factors that appear to influence whether a reply is sent, in-
cluding the communication frequency with the sender. A large number of recipients
actually reduced the probability that the message would be replied to. Karagiannis
and Vojnović [128] approached email using a quantitative perspective and provided a



28

technique to predict response times of email; some of their findings included the rev-
elation that only 15% of users reply to more than 10% of their email. Their findings
also corroborated Dabbish’s earlier result showing that an increase in the number of
recipients for a message decreases the probability of a reply.

Research also reports on the perceptions of email by users. Tyler et al. [210]
examined behaviour of email users especially in the context of interacting with others
and found that users were sensitive to issues such as their availability. For example,
a user will reply in a particular manner to set expectations on their receivers. Tyler
also reports on the use of multiple communication methods that augment email; for
instance, using email and voice mail in conjunction to send information to a receiver.
Dabbish and Kraut found that the feeling of being overloaded with email could not
be predicted by the number of messages in their inbox [65]. The same study found
that email volume was greater if the person belonged to a higher number of projects
or if their management duties were greater.

In general, email is an equalizer. In a survey of research findings regarding email,
Garton and Wellman state that it tends to allow members of a group to communi-
cate more easily, links peripheral workers with the core, and makes remote people
more easily accessible [99]. Email also allows an organization to have a more fluid
team structure, and allows access to employees and knowledge who otherwise may be
inaccessible [99, 134]. Aranda and Venolia [18] into coordination patterns between
developers has also provided insight into email usage. Based on their observations
and interviews with developers, they observed eight coordination patterns that are
related to email, including “shotgun emails” where someone sends messages to a large
number of people hoping someone will reply and “snowballing threads” which involve
adding people to an increasing list of recipients.

There is not much related work on email patterns in software engineering com-
panies. Related work has concentrated primarily on email usage by individuals [222,
177, 66], or on mechanistic aspects such as inter-reply times [210, 206, 128]. Aranda
and Venolia have gone toward characterizing some patterns in mailing lists [18]. Most
of the work on email examination in software engineering uses social network analysis.
Social network analysis allows one to examine specific individuals in relation to their
neighbours. The characteristics of these individuals may allow one to learn about
their interactions, and in turn may influence the socio-technical congruence model
conceptualizations regarding important communicators within a network.

Social Network Analysis

Recently, there has been interest in social structures in software engineering teams
using social network analysis. Tyler et al. suggested a technique based on betweenness
centrality to identify communities of practice [208], and was able to identify that
leaders were more likely to end up in the centre of a communication network. Rowe et
al. also use community structure and interconnections to determine the organizational
structure given email information [183]. Communication structures have been applied
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to various organizations to discover a number of interesting properties, such as how
brokers between teams are known to be purveyors of good ideas [108, 38]. Hossain
et al. [120] also identified that highly-centralized actors tend to be more involved in
coordination utterances than others. Yang and Tang [225] demonstrate that poorly-
performing teams tended to have “unbalanced” communication structures. Hinds and
McGrath [118] identified that team members in loose structures are better able to
coordinate work.

Social network analysis offers a method of analysis beyond simple generalization
of group behaviour, focusing particularly on the differences between individuals [33].
Because an email message originates at one person and is sent to one or more recipi-
ents, social network analysis is appropriate for understanding communication patterns
in email. A social network is a structure that represents relationships between people.
A social network can be represented as a graph G such that G = V,E where V is a
set of vertices or actor and E is a set of edge which are two-element subsets of V .

The Enron data set is a popular target for analysis as it is corporate data that
is now publicly available, and many analyzes using this data source have been per-
formed (e.g. [52, 129, 60]. The most relevant is Diesner et al. [79], who observe the
behaviour of a company in crisis using dynamic social network analysis, and conclude
that the communication patterns become much busier during a crisis affecting the
company. Creamer et al. invent a metric called “social score” in the data set to iden-
tify “important” individuals. This metric is based on data such as the average reply
time, involvement in cliques, and degree of centrality measurements.

Rice et al. [180] report on email adoption within a company using dyadic analysis.
By analyzing pairs of people, the authors were able to identify whether both partic-
ipants tended to adopt electronic messaging or not. In their empirical investigation,
they concluded that two people who communicated frequently were both likely to
adopt, or not adopt electronic messaging.

Social network analysis has been applied to software development projects, usually
to open source mailing lists. Bird et al. examined the participants in an open-source
email list [27] and identified key participants based on their network position. Howison
et al. [121] applied centrality over time in open-source projects and found that most
issue-tracking communications were primarily decentralized. Bird et al. confirmed
this effect by studying the existence of a community structure in open-source com-
munication [30], discovering that email communication reflected small working groups
of developers. Wolf et al. [223] as well as Bird et al. [29] used socio-technical networks
for quality prediction. Crowston and Howison examined open-source software project
structures but do not discuss individual roles in the projects [62]. Though some re-
search has investigated communication among roles and particularly in identifying
new types of roles based on their small-group interactions [195, 24, 82], there are few
investigations about the communication patterns of software-engineering team mem-
bers. I know of no studies that examine how software-engineering roles, like developers
and testers, are involved in communication within a software team, particularly when
using email, and what their relationship to the communication structures are.
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Figure 2.2: Illustration of an Emergent People’s Involvement in an Email Thread

Emergent People

An unexplored aspect in software-engineering communication is the involvement of
people who are not initially involved in interactions [72]. These individuals, for what-
ever reason, were not deemed to be relevant or were forgotten at the start of the
conversation, and are included as recipients at a later time.

An emergent person is a person who is involved in an email message thread
after the first message is sent. An email thread is an aggregation of email messages
with the same subject title. Generally, an email thread contains messages that are
replies to a previous message. The initial message is sent by one person to a number
of recipients (Figure 2.2(a)). An emergent person is included in the message thread
when someone in the thread carbon copies (CC) or forwards (FW) the message to
another recipient.

Emergent people may indicate the presence of knowledge that is required for
completing the task [69, 72]. An emergent person is interesting in the context of
software development because it indicates that, during the course of the conversation,
someone who was not deemed relevant to the conversation initially is now important.
The presence of an emergent person may suggest that an expert was not available or
known to the sender, or it may indicate the involvement of individuals unknown to the
team, or unrelated to the task. Emergent people has implications on communication
practices in an organization, as well as for expertise-recommender systems, as they
may help define the situations in which such recommender systems may be used.

To involve an emergent person in an email thread, an existing participant in
the email thread must be added the To or CC header fields. A person may also
be involved if they receive a message in the thread as a forwarded message. This
situation is illustrated in Figure 2.2(b). An emergent person who replies to one of
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the messages in the thread is called an emergent replier (Figure 2.2(c)).

• Initial sender The person who sends the first message of a thread. Usually
this person sends a message to inform others, or to request information (Figure
2.2(a)).

• Initial recipients The initial recipients are the people who receive the first
message of the thread. These recipients are explicitly added by the initial
sender (Figure 2.2(a)).

• Emergent person A person who receives a message in the thread without
receiving the first message in the thread. These people are added to the recip-
ients list because a sender either added them to the To field, the CC field, or
forwarded them the message (Figure 2.2(b)).

• Emergent replier An emergent person who also posts a message in the mes-
sage thread (Figure 2.2(c)).

In global software-development teams, team members have difficulty identifying
experts and seeking knowledge from remote sites [111]. Developers make up for this
by regularly communicating [89], but this leads to a tendency to broadcast email mes-
sages, causing information overload and leading to communication breakdowns [69].
Damian et al. [72] observed that people assigned to work on dependent requirements
often talked not only with people with whom they had technical relationships with,
but also with people who had no apparent technical connection to the requirements.
Developers acquire awareness of others [89] and frequently seek expertise from col-
leagues even if they belong to other projects or teams [85]. Consequently, it is im-
portant to include the right people in an initial email. In our previous work [69], we
observed that team members emerged as knowledge sources during the course of an
email discussion—these people were not initially contacted, and were included in the
email discussion only after a number of initial messages had been sent.

Seeking information by relying on emergent people may be inefficient, especially
if knowledge is not necessarily centred in individuals. Emergent people may also be
a knowledge source that can be leveraged. The fact that conversations evolve over
time in software engineering has not been extensively studied at this time. Knowing
who emergent people are and what they talk about leads us to better understand the
process of expert knowledge seeking.

2.4 Research Statement

The problem with studying socio-technical coordination is that there are a large
number of social and technical factors to consider. As demonstrated, situations such
as varying usage of communication media, configurations of awareness, and emergent
people form unique contexts in each organization.
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Socio-technical congruence calculates technical relationships derived from techni-
cal dependencies among artifacts as well as social relationships in a software team.
The idea that coordination should align with the technical relationships of team mem-
bers is compelling, especially since it reflects the sensibility of Conway’s Law [56] and
reflects aspects of socio-technical systems theory [55]. The socio-technical congruence
framework by Cataldo provides some examples on how to identify work dependen-
cies [44] but does not provide guidelines describing which technical relationships or
social relationships to use in order to reflect a software organization, nor does it offer
guidelines for interpreting exceptional situations, such as when emergent people ap-
pear. Thus, a model should provide guidelines about conceptualizations of social and
technical relationships that are appropriate to the organization. The model should
also be able to represent any number of exceptional situations, including the nuances
of how a team maintains awareness [70], the involvement of important communica-
tors [72, 152], the involvement of brokers [151], and emergent people [72, 69].

There is also a need for more studies of the relationship between socio-technical
congruence and the performance of a global software-development team. Existing
studies have suggested that this relationship leads to improved outcomes [50, 48, 84].
In addition to this need for empirical studies, there are some conceptual limitations of
socio-technical congruence that must be explored, such as the inability for the existing
measurement to model gaps. If high socio-technical congruence can be identified
as consistently correlating with high outcomes, then it can be used as a concrete
recommendation for practice in addition to merely being a tool with which to measure
socio-technical coordination.

The goal of this research is to develop the following three aspects within socio-
technical congruence for the study of socio-technical coordination in global software
teams. First, I examine how I can refine the conceptualizations of social and organi-
zational relationships. Second, I propose and apply improved techniques to calculate
alignment. Third, I describe an approach describing how to apply socio-technical
congruence.

In the following chapter, I form a preliminary socio-technical congruence model
based on related work in socio-technical congruence to in order to better study socio-
technical coordination. However, the model will not be able to address all of the
concerns stated above regarding congruence, particularly awareness and communica-
tion patterns. In addition, the model will also have to be applied to demonstrate
its usefulness. Exploring how to address the limitations of the preliminary socio-
technical congruence model forms the basis for the empirical investigations described
in this dissertation.
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Chapter 3

A Model of Socio-technical
Congruence

In order to study socio-technical coordination within a global software team, a tech-
nique is needed to conceptualize and measure both technical relationships and social
relationships. Socio-technical congruence allows a researcher to represent coordina-
tion within a software-development organization in a quantitative manner. It reflects
the earlier sensibility of Conway’s Law, which is the observation that a software’s
architecture reflects the structure of the organization that builds it [56]. By map-
ping the relationship of a person to a technical artifact, such as source code, and the
dependencies between these artifacts, one can form a network of relationships that
identify the coordination between individuals in order to measure coordination and
achieve good performance.

Objective 1: To develop a socio-technical congruence model that
explains what conceptualizations belong in the model, what el-
ements belong in the model, and how to calculate alignment.

To achieve this objective, I investigated related work and identified aspects in
coordination and socio-technical congruence to develop this model.

3.1 The Purpose of a Socio-technical Congruence

Model

The purpose of a model of socio-technical congruence is to enable a researcher to
study socio-technical coordination by identifying the relationships between people, as
well as the alignment between their social behaviour and their technical work.

This model expands on the socio-technical congruence concept introduced by
Cataldo [44]. Cataldo in his dissertation concentrated on examining dependencies
and work assignments needed to calculate socio-technical congruence rather than
describing conceptualizations and guidelines for applying the technique. Sarma et
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al. [187] came closest to describing a process for socio-technical congruence by high-
lighting conceptual situations that congruence can be applied to and by illustrating
ideas for how to implement changes that achieve congruence.

Because of the diverse number of studies and conceptualizations within socio-
technical congruence studies, a model provides a consistent perspective of what is
included in a socio-technical congruence study, as well as common language. It also
assists researchers when designing studies and interpreting results.

3.2 Related Work in Socio-technical Congruence

Current research suggests that attaining a high level of socio-technical congruence
is beneficial to an organization. Evidence shows that higher congruence leads to
faster completion of modification requests [50]. The presence of gaps increases the
number of code changes [84], and a lack of coordination connections across system
and organizational boundaries have a negative effect on performance [200].

Much of the work thus far on socio-technical congruence is somewhat fragmented;
the existing socio-technical congruence workshops have featured papers that range
from analysis of architectures and organizations to social structures based on social
network analysis. In this dissertation I am primarily concerned with conceptualiza-
tions of technical relationships and social relationships at the task level such that a
measurement of congruence can be calculated.

Cataldo et al. [50] evaluated congruence in the context of software development us-
ing different representations of social relationships, including geographical proximity,
IRC communication, and issue-tracking comments; these factors correlate with the
resolution time of modification requests. He conceptualized a technical relationship
as someone who contributed to a file that was a part of a modification request. In
another investigation, Cataldo et al. [48] examined different types of technical depen-
dencies by using differing ways to measure architectural dependencies. The authors
found that the congruence values computed using a logical “files changed together”
dependency [98] were more reliable than syntactic call graph dependencies [78]. In
the automotive domain, Gokpinar et al. [101] applied a congruence technique and
discovered that a higher coordination deficit led to a larger number of filed incident
reports, implying reduced quality.

Cataldo et al. [49] also investigated software failures in relationship to different
kinds of work dependencies, discovering that an increase in the number of logical
dependencies, as well as workflow dependencies that represent the transfer of a task
from one developer to another, were likely to lead to modifications required as a result
of a failure. However, the technical relationships, conceptualized as “the most central
developer in a coordination requirements developer-developer matrix that worked on
the file i” did not have as strong an effect as other types of dependencies on quality.
Intuitively, the coordination requirement represents the developer working on a file
who was connected to the largest number of other developers given a definition of “file
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i and file j were modified together”. While the study did not investigate alignment,
it revealed insight into the usefulness of technical dependency conceptualizations.

Socio-technical gaps are an issue not only because they lower the congruence
and thus lower productivity [50], but because they are especially problematic in the
context of distributed development [84]. Thus, researchers have proposed remedial
actions when socio-technical congruence gaps are discovered [211]. Examples of ac-
tions include closing a gap by augmenting coordination and eliminating the gap by
refactoring software.

Socio-technical congruence has been explored outside of the software development
field, particularly in engineering and management disciplines [110, 200, 101, 199].
Sosa [200, 199] described a technique to compute socio-technical congruence and
classified gaps into categories such as “potentially unattended technical interactions”.
Gokpinar [101], independently of this dissertation’s research, developed a weighted
socio-technical congruence technique that was applied to the automotive industry.
The socio-technical congruence concept has been used in the diagnosis of coordination
issues [16] as well as in expertise recommenders [157].

Some proponents states that not only does alignment happen as a consequence of
product architecture (as in Conway’s Law), but that it is in fact a desired property,
and propose methods to attain alignment [16, 187, 211]. In general, the rationale
is that coordination can be expensive, especially over distance, and thus coordina-
tion should be performed in a way that minimizes unnecessary coordination while
still ensuring that there is enough to complete tasks [114]. A description of ongoing
challenges in socio-technical congruence are listed by Sarma et al. [187]. In their posi-
tion paper, congruence is described as a state, as dynamic, and as multi-dimensional.
Examples of data to investigate and project performance are proposed, along with
a research agenda to understanding congruence, which describes the need to build
theories, relate congruence to organizations, understand paradigms of congruence,
understand effects, and to design metrics and visualizations of socio-technical con-
gruence.

3.3 Limitations of Socio-technical Congruence

There are a number of limitations with the current conceptualizations of socio-
technical congruence based on an investigation of related work. These two limita-
tions, which I propose solutions for in the model, are the binary nature of gaps and
the difficulty of comparing socio-technical congruence studies.

A gap in socio-technical congruence is represented as a binary relationship.
The socio-technical congruence measure identifies when people’s technical relation-
ships are satisfied by their social relationships. There may be multiple technical rela-
tionships that exist between two people in a project, but the current socio-technical
congruence measurement considers a single social relationship as being sufficient to
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cover every technical relationship. Another problem is the inability to identify “par-
tial” gaps, where some of the technical relationships are satisfied, but others are not.

Previous research has shown at least one case in which a project succeeded despite
the presence of gaps [151]. Ehrlich et al. [84] suggest that having an individual act
as an intermediary between two groups, known as a broker, may be able to mitigate
the effect of gaps. Communication structures may compensate for a lack of congru-
ence [118]. Literature in areas such as management science supports the idea that
gaps are not a liability, but simply a reality [78, 120].

As developers have multiple dependencies [76, 159], one would presume that those
pairs with more technical relationships would need to coordinate more. Current socio-
technical congruence provides no way to identify which pairs have high technical
relationships. Researchers have suggested that both social and technical dependencies
should be weighted [212, 139], but do not evaluate their proposed changes.

Socio-technical congruence studies are difficult to compare. Another cur-
rent challenge in evaluating the effects of socio-technical congruence is that the large
number of elements and entities make the comparison of studies difficult. This is not
an inherent limitation of socio-technical congruence, per say, but is an issue when
trying to understand the overall effects of the socio-technical congruence.

Socio-technical congruence has been used to study the effect on response variables
such as “defect resolution time” [50, 48], conceptualized as the amount of time that
a defect in an issue-tracking system is open; “number of code changes” [84]; and
number of warranty incidents [101]. The issue with defining performance is that it
is context-specific [153], and consequently the appropriateness of whatever metric is
used depends highly on the context of the case to be studied.

This issue of comparability is further compounded by the fact that many of the
conceptualizations within studies use different entities for analysis. Some concep-
tualizations rely heavily on extracted data from repositories (ex: [50, 48]) whereas
other studies of congruence have relied on questionnaire data [84, 152]. While there is
no “right” set of conceptualizations to use, clearly showing the representations used
assists researchers wanting to learn from these empirical studies of socio-technical
coordination.

Using identical response variables with identical entities is neither realistic nor
beneficial to research. What is needed instead is a way to quickly identify what the
appropriate elements taken from each empirical study are such that a reader can
quickly form a mental model of the variables that are represented. A socio-technical
congruence model can help identify the common traits between different studies and
provides a way to guide the selection of conceptualizations. The model can highlight
strengths and weaknesses of the choice of conceptualizations. In general, the model
provides a common language that can be used when examining studies that use socio-
technical congruence.
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3.4 A Socio-technical Congruence Model

The main idea around socio-technical congruence is that it involves technical rela-
tionships and social relationships and that the technical and social relationships align
with one-another. If there are not enough social relationships to match the technical
relationships, then congruence is less than 1. In addition to identifying the effect of
socio-technical congruence on a software-engineering outcome, analyzing these net-
works and identifying gaps permits exploration into potential problem areas of the
network.

Socio-technical congruence uses a number of social networks. A social actor is
usually a representation of a person, though it may also represent a group. More
information about social networks is described in Section 2.3.4. For simplicity, I
consider relationships between people only, except when explicitly stating otherwise.

A socio-technical congruence model at least requires two different actors: one type
of actor that represents a person or an organization for the social side of the organi-
zation, and one type of actor that represents the technical side of the organization.
I call the actor that represents the person or organization a social actor and I call
the actor that represents the technical side of the organization a technical entity.

Thus, socio-technical congruence can be viewed as the overlap between a bipartite
social network that containing social actors and technical entities, and another social
network that contains social actors only.

3.4.1 Model Elements

In addition to the primary entities in the social networks, the socio-technical congru-
ence model consists of three elements illustrated in Figure 3.1: conceptualizations of
the relationships and entities in the model (Section 3.5), techniques for calculating
the alignment and the relationships in the model (Section 3.6), and guidelines on how
use the model to represent exceptional situations (Section 3.7). For simplicity, I call
each of these “conceptualizations”, “techniques”, and “situation modelling”.

The interaction between these parts in the socio-technical congruence model ap-
pear in Figure 3.2. The model is characterized by the conceptualization of social
relationships between people and the conceptualization of technical relationships be-
tween people. These elements are connected to each other, and are required in order
to calculate alignment, using one of the alignment techniques. These in combina-
tion make up socio-technical congruence, which represents social relationships and
technical relationships, as well as their alignment.

The alignment value can be used as an input variable to study a statistical re-
lationship to a response variable, or it can be used to improve understanding of
situations within the software organization. A response variable is a variable that is
of interest in a software-engineering domain—for example, “mean time to failure”,
“defect resolution time”, “probability of build success”, and so on.

Technical relationships and social relationships are interrelated, and thus it is
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Figure 3.1: Elements of the Socio-technical Congruence Model

beneficial to consider both in parallel. For the purposes of presentation, I describe
the conceptualization of technical relationships first, and social relationships second,
though the conceptualization should occur interchangeably to achieve alignment.

Figure 3.1 forms a foundation for the areas of investigation. Each empirical in-
vestigation in this dissertation addresses different parts within each element of the
model.

3.5 Conceptualizations of Relationships

Conceptualization refers to the representation of the people and artifacts from a soft-
ware development team in a socio-technical congruence model. Within the concep-
tualization part, one must choose how to represent technical relationships and social
relationships. These relationships should be chosen such that the social relationships
are needed or desired in order to execute work identified by technical relationships.

Cataldo et al. [48] calls the relationships in the technical network “coordination
requirements” and the relationships in the coordination network “actual coordina-
tion”. However, I felt that these labels were potentially confusing1. To make the

1In particular, “actual coordination” cannot be distinguished between a singular and a plural
form, which can cause ambiguities. See Berry and Kamsties [25].
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Figure 3.2: Overview of the Socio-technical Congruence Model

concepts in socio-technical congruence more intuitive, and to emphasize the contrast
between the coordination requirements derived from technical dependencies, and the
actual coordination recorded from the behaviour of team members, I rename “coordi-
nation requirement” to technical relationship and “actual coordination” to social
relationship.

Because socio-technical congruence involves the alignment between technical re-
lationships and social relationships, there are at least two conceptualizations that a
researcher must apply: the technical relationships, and the social relationships. Ex-
amples of some commonly-applied relationships appear in Figure 3.3. I also illustrate
how these examples are a close-up view of the conceptualizations box in the model
overview (Figure 3.4). I also propose a third entity called a connecting entity that
connects the social and technical aspects to ensure that the social relationships satisfy
the technical relationships.

3.5.1 Technical Relationships

A technical relationship is a relationship that indicates that one person is depen-
dent on another person. Before a technical relationship can be derived, both a techni-
cal entity and a technical dependency must be conceptualized. Both Cataldo [44] as
well as Valetto et al. [212] describe the technique of forming technical relationships,
with Cataldo using matrix algebra and Valetto et al. using a graph-based algorithm.
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Figure 3.3: Examples of Conceptualizations for Technical Relationships and Social
Relationships

A technical entity is an entity in a project that can be worked on by a person or
a group. Examples of a technical entity include a source code file, a compiled binary,
a requirement, a task, or a bug. Socio-technical congruence has focused on the source
code file as the technical entity [50, 84], although work has also examined socio-
technical congruence using a requirement [70, 152] or a task [224] as the technical
entity.

A technical dependency is a type of dependency between two technical enti-
ties. These relationships are the dependencies of socio-technical congruence and are
discussed at length by Cataldo [44] in his dissertation. Additional mentions of de-
pendencies include requirements dependencies by Dahlstedt and Persson [68], logical
file dependencies by Gall et al. [98], API calls [201], and topic modelling [171, 117].
Examples of technical dependencies are in Table 3.1.

A technical assignment is a relationship between a technical entity and a person.
In most situations this is simply an assignment, perhaps from a project plan or a bug-
tracking database, though it may also be conceptualized as “last modified” or “worked
on most frequently”. This relationship is called a “task assignment” by Cataldo [44].

Technical relationships can be viewed as a bipartite network made up of two types
of actors: the people in the organization, and the technical entities. Connections
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Figure 3.4: Zooming into the Conceptualizations Block in the Socio-technical Con-
gruence Model

between an entity and another entity are technical dependencies, connections between
an entity and a person is a technical assignment, and connections between a person
and another person are technical relationships.

Calculating Technical Relationships Socio-technical congruence uses a mathe-
matical representation called an adjacency matrix to indicate relationships between
people. An adjacency matrix A is of size m×m, where m is the number of people in
the network. The adjacency matrix has elements

Aij =
{ 1 if there is an edge between persons i and j

0 otherwise.

The adjacency matrix use the technical relationships conceptualization from Sec-
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Entity Dependency

Requirements Interdependency [151, 152]
Source code modules Changed together in a change set [50, 48]
Source code file Call graph dependency [78]

Table 3.1: Examples of Technical Dependencies

Relationship Description

Communication A communicates with B [50, 84, 48, 72]
Location A is in the same location as B [50, 84]
Team structure A is in the same team as B [50]

Table 3.2: Examples of Social Relationships

tion 3.5.1 and and the social relationship from Section 3.5.2 as part of the calcula-
tions. While I use matrices in this thesis to represent calculations, an alternative
graph-based algorithmic method has also been proposed [212]. One can also use edge
list representations as well, where an edge is represented with a source−−− target
representation.

Given m people, and n technical entities to examine, the technical relationships
are calculated as

TR = TA× TD × (TA)t (3.1)

where TA is an m × n technical assignment matrix that indicates that a person is
assigned to a technical entity of the project, and TD is a n×n technical dependency
matrix that indicates that a technical entity is dependent on another technical en-
tity [50]. The result is TR, an m × m technical relationship matrix that indicates
who in the project should be coordinating with whom.

3.5.2 Social Relationships

The second kind of relationship in socio-technical congruence is the social relation-
ship. A social relationship can be either calculated based on artifacts, or identified
directly, perhaps through observational techniques. If artifacts are used for communi-
cation, the relationship between artifacts and people must be defined before a social
relationship between two people is established, similarly to how technical assignments
are used to calculate technical relationships. Some examples of social relationships
appear in Table 3.2.
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Direct Social Relationships

Many social relationships can be modelled directly. For example, if one were to
represent “familiarity” between two people, no artifacts are involved—the people are
simply familiar with each other directly and therefore are connected. This data may
be acquired using a questionnaire or an interview.

Other examples of a direct relationship would be an organizational relationship
that is extracted from an organizational chart, or whether two people work in the
same office building.

Social Relationships via Artifacts

Social relationships can be extracted by using artifacts. These artifacts are most
often communication artifacts, such as email, instant messenger, or IRC. Unlike a
direct relationship, some intermediate relationships need to be conceptualized in order
to apply these artifacts to socio-technical congruence. Most often, communication
artifacts come from repository mining.

The artifact relationship requires two endpoints: a source, and a target. This is
usually resolved by a “sender–receiver” relationship, or a “creator–receiver” relation-
ship. The source and target tend to be relatively intuitive, but there are exceptions,
including non-directed communication like forums and mailing lists where the target
relationship is difficult to identify.

In a shared workspace, an “accessed” field that indicates who has accessed the
item is probably the best way to know that someone has accessed the artifact, but
most workspaces do not track this. Thus, another technique must be used to estimate
someone’s reception of a message.

Thus, if there are social artifacts being used, a matrix SR is calculated using
Equation 3.2, where SA is a matrix indicating a source i is linked to artifact j matrix,
and AT is an artifact j linked to target k matrix.

SR = SA× AT (3.2)

In a shared workspace that involves synchronous communication, such as IRC,
one way to model communication artifact targets is to simply indicate that everyone
present in the system receives the message. Thus, if five people are in an IRC chat
room and one person sends a message, it is assumed that every person currently
in the chat reads the message. This of course relies on the assumption that the
participants are actually monitoring the chat and are not away from their keyboards.
To get around this, a common technique is to model the target as a “replier” to the
first message. This usually occurs as follows. When the source sends a message to
a workspace, and someone creates a new message and posts it in reply to the first
message, the initial message creator is the source, and the new message creator is the
target. It is assumed that the new message creator read the first message and then
was so invested in the message that he crafts a new message and replies—such an
assumption has been made by Bird et al. [27] and Nguyen et al. [166] in the past.
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This technique tends to model participation well but also underestimates the number
of people who read the first message.

The choice of the social relationships also needs to reflect the technical relation-
ships. As the purpose of socio-technical congruence is to identify how social relation-
ships align with technical relationships, there should be a way that the communication
artifacts align with the technical relationships. Most existing socio-technical congru-
ence studies use artifacts that are logically-related to the technical entities through
explicit connections, though some have used manual verification to check that com-
munication topics align with the technical artifact topics.

3.5.3 Connecting Entity

A connecting entity is an entity that identifies the link between the technical rela-
tionships and the social relationships. This entity is necessary to consider because
many software organizations do not record the relationship of social relationships and
technical relationships directly. For example, the mapping between social relation-
ships, such as an email message, and its relevance to the work that two people have
together is not necessarily explicit.

Most existing socio-technical congruence studies do not explicitly define this entity
as something that requires conceptualization. However, because of the diversity of
data collection techniques it is important to explicitly express the traceable link be-
tween the social relationship and the technical relationship that the social relationship
is supposed to satisfy.

An example of a connecting entity is a logical grouping of files, such as a modifi-
cation request, on which developers can leave comments. Another connecting entity
could be a questionnaire that asks if a team member works with another on a specific
technical entity.

3.5.4 The Scope of a Socio-technical Network

A network has a limited number of entities. There are a number of ways to identify
which elements belong in which networks. The most common classifications are tem-
poral networks, in which an actor or entity is included in the network if either the
entity or the actor has some action executed on it during an arbitrary time period.
An example of this appears in [121]. The other classification is a logical grouping of
entities. This occurs when the technical entities are included within a larger entity.
Most commonly, this larger entity is the “project release”, and if a file is a part of
the project, then it is included in the network. An example of this situation appears
in Cataldo et al. [50].

As mentioned by Sarma et al. [187], congruence is a snapshot at one point in
time. It reflects the work done during that period. Because congruence is snapshot,
the expected situation is that there is no congruence at the start of a cycle, and as
the cycle advances, congruence generally increases. To counter this, Wagstrom et
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al. [216] proposed a way to compute an inherent delay in socio-technical congruence.

3.6 Alignment Techniques

Alignment techniques refers to calculations that compute the “fit” between the social
relationships and the technical relationships. Techniques include the standard congru-
ence calculation using a ratio, but also include more elaborate calculations like decay
factors in socio-technical congruence [216], using weighted relationships [48, 139, 101],
and variable gap sizes [139].

In this section, I devote attention to the existing calculations of alignment. I also
propose my weighted congruence measure [139] that addresses some of the limitations
of the original alignment technique.

3.6.1 Calculating Socio-technical Congruence

Given a technical relationship matrix and a social relationship matrix, congruence
is calculated by comparing this matrix to a social relationship matrix. If an edge
exists in the social relationship matrix, and the same edge exists in the technical
relationship matrix, then there is congruence on this edge. Given definitions

Diff(TR, SR) = card{diffij|TRij > 0 & SRij > 0}

|SR| = card{SRij > 0}

the socio-technical congruence index is calculated as [48]

congruence =
Diff(TR, SR)

|TR|
(3.3)

where SR is an m ×m matrix representing social relationships. The resulting con-
gruence value is a number between 0 and 1, where 0 indicates no congruence, and 1
indicates full congruence.

3.6.2 A Weighted Congruence Measurement

In this section, I present an extension to congruence based on prior work [139] that
addresses the gap size limitation described in Section 3.3. Weighted congruence ad-
dresses the problem by allowing multiple technical relationships and multiple social
relationships. The goal of this improvement is to allow a researcher to specify addi-
tional information about coordination behaviour and to assign priority to gaps.

Weighted Technical Relationships

This measurement assigns a number between 0 and 1 to each entry in the technical
assignment, technical dependency, and social relationship matrices. The weighted
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Figure 3.5: Comparing Weighted Technical Relationships with Weighted Social Re-
lationships to Find Lacking Coordination

technical assignment matrix is a m× n matrix where m is the number of people and
n denotes the number of entities. Each entry in the matrix illustrates the strength
of the connection between a person i and an entity j. Such a connection may be the
expertise person i has with a task j, or the priority that person i places on task j.

The weighted technical dependency matrix is an n×n matrix where n denotes the
number of entities. Each entry in the matrix describes the strength of the relationship
between two entities. The weighted technical dependency matrix may show the ratio
of dependencies an entity has with another over the number of total dependencies
that entity has on others. For example, an entity strongly coupled with another has
a high entity dependency.

To calculate the technical relationships matrix, I use Formula 3.1, using the
weighted values in the technical assignment TA′ and technical dependency TD′ ma-
trices.

TR′ = TA′ × TD′ × (TA′)t (3.4)

This calculation will yield the weighted technical relationship matrix TR′, an m×m
people by people matrix (Figure 3.5(a)). The technical relationship matrix shows
how strong the relations between people are supposed to be based on their technical
work.

Using weighted congruence allows the opportunity to represent technical relation-
ships in a manner that is more precise than previous relationships. The primary
change is that a connection between the same two people, but through different
artifacts, can be represented as a different technical relationship. In a software de-
velopment team that engages in relatively fine-grained communication, each of these
technical relationships may need to be addressed by individual coordination instances.

Weighted Social Relationships

A weighted social relationship is a relative value that indicates the strength of a rela-
tionship between two individuals (Figure 3.5(b)). A social network such as a commu-
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Variable Description

Syntactic dependencies Number of dependencies
Meetings Number of meetings in a time period

with others
Distance Physical distance (in metres)
Email messages Number of email messages
Discussion threads Number of threads related to the tech-

nical topic that a person participated in

Table 3.3: Examples of Relationships Using Weights

nication network can be weighed according to the amount of ongoing communication.
For example, one such weighing scheme may work as follows:

1. For a communication network, identify the largest value of communication be-
tween two individuals.

2. Divide all other values by the largest, thus normalizing the communication.

3. The result is a number between 0 and 1, where 1 indicates the largest value of
communication in the network, and 0 is no communication.

The weighted calculations are applied similar to Equation 3.4 if one is using social
artifacts to represent social relationships.

Some examples of weighing relationships appear in Table 3.3.

3.6.3 Identifying Gap Size

I complement my weighted congruence measure with a technique to generate a lack-
of-coordination matrix. This matrix not only identifies the gaps between a technical
relationship matrix and a social relationship matrix, but can also identify the size of
these gaps (Figure 3.5(c)). This lack-of-coordination matrix can be used with both
unweighted congruence and weighted congruence.

gij(TR
′
ij, SR

′
ij) = TR′ij − SR′ij

for i = 1, . . . ,m and j = 1, . . . ,m. The value of gij is the gap size between the
pair ij. The lack-of-coordination matrix illustrates situations where the proportion
of communication exceeds the expected proportion of technical relationships. If the
value is positive, then there is not enough coordination to satisfy the information
needs requested by the TR′ matrix, resulting in a gap. If a value is negative, then
there was more coordination than requested through the TR′ matrix, resulting in
overload. Neither situation necessarily results in a problem, but I believe that inves-
tigating overload and lack of coordination has implications on software engineering
coordination.
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3.6.4 Weighted Congruence Index

To convert the lack-of-coordination matrix to a single socio-technical congruence mea-
surement, I apply

congruence = 1−

m∑
i=1

m∑
j=1

gij

m∑
i=1

m∑
j=1

TR′ij

for each i and each j, unless i = j. This value, which is usually between 0 and 1, is an
overall level of the congruence in the current network. In theory, the formula allows
the index to fall outside of this range for some edge cases, but I did not observe any
such cases in practice.

3.6.5 Benefits of Weighted Congruence

Using a weighted congruence model allows us to deal with situations that are not
handled with unweighted congruence. Using the weighted congruence approach allows
a person diagnosing the organization to benefit from locality and relationship strength.

Locality allows us to identify which area of a network has a gap. The lack-
of-coordination matrix identifies which pairs of individuals do not fulfill technical
relationships. Although the original model does give us some limited locality in the
sense of identifying congruence gaps, it is far more coarse grained.

Relationship strength indicates how strong the relationship between two devel-
opers is. Relationship strength allows us to identify pairs of people who have multiple
technical relationships, and therefore who need to coordinate more often with each
other. Using relationship strength allows us to investigate coordination in more detail
because I can investigate pairs with strong dependencies—these people also tend to
be key individuals in a team.

By allowing better locality and relationship strength, I believe that this weighted
model provides an in-depth technique with which to study congruence.

There are a number of extant techniques for modelling multiple relationships in
literature, which I present in the following section.

3.6.6 Comparison with Other Weighted Measures

There are a number of other methods for weighing individual socio-technical rela-
tionships in literature. Cataldo proposed a system using weights with integers [48].
Ehrlich et al. [84] used a method to rank communication into three levels of impor-
tance. Gokpinar [101] independently proposed a weighted congruence measure. I
briefly contrast the different types of weighted congruence below.
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Integer Matrices

The method of Cataldo et al. [48] assigns integer weights as values in the task assign-
ment and task dependency matrices, resulting in a weighted technical relationships
matrix. However, his formula in Section 3.6.1 considers that a single communication
instance is sufficient for satisfying any amount of coordination. Our method provides
information about overload and lack of coordination, and provides a more fine-grained
representation through the lack-of-coordination matrix.

Levels of Communication

The method of Ehrlich et al. [84] aggregates multiple relationships between two in-
dividuals to determine a “level of communication”. The relationships are: when two
individuals work together on a project; when two individuals communicate several
times a month for any reason; and when two individuals work together on shared
files. If one or more of these relationships are true, they are added to provide a
number representing the level.

The level of communication does not provide a ranking of gap size because they
presume that a gap either exists, or that it is covered with one of the three levels. This
paper mentions ranking gaps by size, but the gap rank is the total number of gaps
that exist between two developers over the entire project. Thus, this measurement
does not actually weigh the conceptual lack-of-communication distance between two
individuals for each gap.

Coordination Deficit

Gopkinar et al. [101] independently proposed a weighted congruence called “coordi-
nation deficit”, which is equivalent to my gap size measure. It weighs the number
of dependencies between components, and the number of communications between
individuals. Like our method presented in prior work [139], they calculated the co-
ordination deficit by normalizing the edges and subtracting the values between the
equivalent of a social relationships network and a technical relationships network.
The fact that the authors used normalization and algebraic subtraction suggests that
they are reasonable approaches to calculating gap size.

3.7 Situation Modelling

Situation modelling refers to identifying exceptional situations that may appear in
socio-technical congruence settings. The exceptional situations, identified from re-
lated work, are important communicators in the network, and emergent people. These
situations do not fit into the definition of “conceptualization” outlined above, and
instead are a consequence of the analysis rather than as a consequence of conceptu-
alization.
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One possible solution for these situations is simply to migrate these emergent
people toward the next “snapshot” of socio-technical congruence according to Sarma
et al’s definition of snapshot [187]. If they are communicating about technical topics
then it is possible that these emergent people are technically dependent on these
topics.

3.8 Using the Model: A Socio-technical Congru-

ence Study Template

In order to guide the construction of a socio-technical congruence study, I invented
a template within which a study’s conceptualizations can be placed in Figure 3.6. A
tabular version of this template appears in Table 3.4.

The top of the template is descriptive and requests a project name as well as a
summary of the data available. The centre of the template indicates the alignment
between the technical relationships as well as the social relationships. The technical
relationships half requests information about the entity, the entity’s connection to
people, and the technical dependency. The social relationship half requests informa-
tion either about the social artifact, or a description of the social relationship. In the
social artifact field, there is space to describe the source and the target (if needed).
The social relationship has a field that describes how each satisfies the technical re-
lationship. If necessary, either technical relationships or social relationships may be
duplicated as needed to represent the situation. The connecting entity should also be
filled out to indicate the map between the social and technical relationships.

The alignment techniques used are described in a field. Usually, this is the basic
“alignment” calculation (Equation 3.3) but can include weights. The bottom of the
template describes the output of applying socio-technical congruence. There is one
box for describing the analysis method (such as statistical analysis, network analysis,
etc.) and the response variable of the study.

By placing the techniques, conceptualizations, and the response variable in the
same template, one can quickly inspect the conceptualizations and can identify the
strengths and weaknesses of the conceptualizations used, especially with respect to
the alignment between the social and technical relationships. This can be used to
compare different socio-technical congruence studies, or to ensure that the data exists
for collecting each piece of data.

3.8.1 Application of the Template

I tested the socio-technical congruence template by applying it to previous socio-
technical congruence studies in literature. Below, I show the template for two of the
congruence empirical investigations.
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Figure 3.6: The Socio-technical Congruence Study Template



52

Category Description
Study
Data
Technical entity
Technical dependency
Technical assignment
Connecting entity
Social artifact entity
Social artifact source
Social artifact target
Social artifact relationship to technical
Social relationship
Social relationship to technical
Alignment techniques
Analysis method
Response variable

Table 3.4: Tabular Version of Socio-technical Congruence Study Template

Data Storage Case Study

Cataldo et al. [50] described a setting of a distributed company within the data storage
industry. The completed template appears in Figure 3.7.

Key areas of note in this template is the use of a modification request (MR) as the
connecting bridge between the technical relationships and the social relationships. A
modification request contains a number of modified files (indicated in the technical
relationship section) as well as number of comments (indicated in the social artifact
section). The authors also explored alignment between the social aspects using for-
mal team structure, and geographical location. They also examined IRC logs and
identified when a developer mentions the MR ID or a similar task/problem in chat.
Because this study utilized multiple social relationships, the social relationship “box”
was expanded to fill in the extra details.

At a glance, this template provides a view of the variables for study, as well as
the relationships between these different entities.

Learning Management System Case Study

The learning management empirical investigation described by Ehrlich et al. [84] is
a distributed project that builds a web-based system for learning management. The
goal of this study was to examine gaps. The completed template for this study
appears in Figure 3.8.

The conceptualizations in this study are not as closely aligned as in the Data
Storage empirical investigation. There is a lack of a central connecting entity—rather,
the authors rely on different sets of social relationships. They do not directly align
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Figure 3.7: Socio-technical Template Applied to Data Storage Company Described
by Cataldo et al. [50]
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these relationships with the technical entities. However, to avoid underestimating the
amount of communication, they do not indicate a relationship unless two or more of
the social relationships exist.

One detail that was not made explicit in this empirical investigation is the link
between the social and technical relationships. The study state that a questionnaire
was sent to team members, but no details about whether the questions are specific
to particular software subsystems are provided.

Thus, the template again allows an at-a-glance view between the entities that are
studied using STC, and can quickly highlight the benefits and drawbacks of various
choices of entities and relationships.

3.9 Missing Elements from the Socio-technical Con-

gruence Model

Though I have introduced some solutions to conceptualizing and representing re-
lationships, as well as a technique to address gaps, there are still some outstanding
issues. Early investigations into socio-technical coordination examined awareness and
communication “in the wild” within an industrial software team [69]; both awareness
and emergent people came up in this study as concepts that were not well-studied in
socio-technical coordination. While awareness comes up primarily in the computer-
supported collaborative work domain [105, 164, 205], it is not as well described within
a socio-technical environment featuring a design team, such as a software-engineering
team [39].

An enhanced understanding of the social interactions with a global software team
would benefit not only team performance, but also the conceptualizations of these
interactions within socio-technical congruence. By enhancing the applicability of
socio-technical congruence to multiple scenarios and empirical investigations in global
software development, we are providing a flexible tool for the study of socio-technical
coordination.

There are three specific limitations with existing socio-technical congruence con-
ceptualizations that can be investigated.

The influence of awareness on a team’s technical work, in the context of
socio-technical congruence, is not well-understood. There is evidence that
common representations of social relationships, such as communication, are not re-
quired to satisfy technical relationships. Whereas Conway’s Law [56] states that the
software architecture will reflect the organization that built it, socio-technical congru-
ence takes this assertion and assumes that it is a recommended best practice. There
are some issues with this assumption. The most prominent one is the fact that it is
possible for people to work on software artifacts without explicit coordination [201].
Bolici et al. [34] observe two open-source projects in which people do not communi-
cate directly. Software is designed to be extremely modular, with components and
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APIs [78]. With good APIs, the need for direct communication is eliminated. Doc-
umentation may also help developers coordinate. Though documents are a form of
communication, it is difficult to record the usage of documentation as communication
from one person to another. Coordination does not necessarily require the involve-
ment of the specific individuals who are working on the task. If someone else in the
organization is familiar with the task, then that person may be able to provide ex-
pertise. A study of brokerage in software engineering [151] identified individuals who
communicate on behalf of others.

There are multiple methods to coordinate without communication. Awareness
variables in literature have been used to conceptualize social relationships as well.
Organizational structure [50], geographical distance [50, 72], and the person’s role
[152] have each been conceptualized as affecting social relationships conceptualiza-
tions. However, no single technique attempts to identify the effect of each of these
interactions on software development. Exploration into how team members become
aware of each others’ tasks, and how this awareness affects their work is warranted.
Thus, this leads us to Objective 2 of the thesis.

Objective 2: To examine awareness and to identify how aware-
ness within a global software-development team can be concep-
tualized within a socio-technical congruence model.

Current conceptualizations of socio-technical congruence do not always
involve every relevant team member. Important communicators and people
who are involved in a conversation after the conversation starts are not included
in most socio-technical congruence conceptualizations. Because congruence uses the
technical relationships as a base, it means that people who are involved in a project
primarily through social relationships are not considered as “part of the task”. Some
roles in socio-technical congruence are not well-represented. For instance, Marczak et
al. [152] could not represent the project manager because he had no explicit depen-
dencies to requirements. Another communication pattern that has been identified is
the emergent people pattern [69, 72]. The emergent people pattern is a situation that
describes when more people are involved in communication than initially expected.
Socio-technical congruence does not provide any options for handling emergent peo-
ple and currently ignores them. Some more knowledge about communication, and
how it reflects technical relationships, is needed, especially with respect to identifying
who the prominent communicators are in a team, and understanding the emergence
of knowledge sources in communication. Objective 3 of this dissertation addresses
this limitation.

Objective 3: To examine communication patterns, which in-
cludes important communicators and emergent people, and to
identify how communication patterns can be represented within
a socio-technical congruence model.
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The Value of the Socio-technical Congruence Model

While a number of initial studies have been done on socio-technical congruence and its
relationship to software engineering outcomes, such as defect resolution time [50] and
code churn [85], the study of socio-technical congruence and socio-technical coordina-
tion is still in its infancy. Additional empirical studies that examine socio-technical
congruence and its relationship to team performance will contribute to our under-
standing of the nature of coordination in software teams.

In order to assess the value of the socio-technical congruence model, I use the
model to investigate the relationship between socio-technical congruence and team
performance. In addition to examining this relationship, I also study the usefulness
of the gap size measurement proposed in Section 3.6.2.

Objective 4: To apply the socio-technical congruence model
to determine the relationship between socio-technical congru-
ence and the performance of a global software-development team
working on coordination-intensive activities.

3.10 What About Technical Dependencies?

A pertinent question at this point is, “What about the technical dependencies?” The
limitations discussed up until this point have been largely social in nature. Undeni-
ably, technical dependencies are extremely important and form a large part in fault
prediction and detection models [107, 194, 229, 49]. The importance of dependencies
has contributed to a large amount of literature devoted to various mechanisms and
applications of dependency analysis, such as component analysis [75, 145], feature ex-
traction [86], topic modelling [171], and the use of design structure matrices [185, 141].
Cataldo et al. [49] specifically examined the effect of dependencies on changes induced
by failures, including various conceptualizations of the technical relationships calcu-
lation (reproduced in Equation 3.1).

As a consequence, the scope of this dissertation does not include technical de-
pendencies based in software code. However, there are also technical aspects that
may be adjusted because they are not specifically referring to code, like requirements
or features [70]. In addition, because socio-technical congruence is about alignment,
some discussion of the choice of technical dependencies is important. I will address
conceptualizations of some technical aspects in this dissertation, but I will not be
executing studies specifically to explore technical dependencies in software.

3.11 Summary

The preliminary socio-technical congruence model introduced the core elements of the
model, including conceptualizations, techniques, and situation modelling. I have com-
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Figure 3.9: The Elements of the Socio-technical Congruence Model Introduced from
Related Work

pleted some of these elements based on known related work, reflected in Figure 3.9,
and consequently addressed Objective 1.

As I explore the possibilities for incorporating other social aspects into this model
and address some of its limitations, I will fill in the remaining elements in the Figure
based on findings from Objective 2 (Chapter 4) and Objective 3 (Chapter 5).
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Chapter 4

An Empirical Investigation of
Awareness in a Global Software
Team

A team member with a strong team mental model is able to relate to others and gain
an understanding of what occurs within the team. Awareness has been conceptualized
as fleeting knowledge about the activities of other team members and is a reflection of
the team’s mental model. This understanding of the team’s capability and awareness
of the activities of others has been shown to have an effect on team coordination [89].

This lack of understanding of awareness and its effect on the social and technical
work that people do affects the quality of conceptualizations within socio-technical
congruence. A study of awareness increases understanding about the aspects of aware-
ness in relation to communication and coordination.

Objective 2: To examine awareness and to identify how aware-
ness within a global software-development team can be concep-
tualized within a socio-technical congruence model.

This empirical investigation revealed the following findings. I identified that team
members communicated using different media with their teammates in parallel, sug-
gesting a need to model multiple relationships in socio-technical congruence. I identi-
fied that experienced team members filled gaps, which suggests that conceptualization
of social dependencies should include brokerage as a possible relationship. It also re-
inforced the need to model transitive relationships in the socio-technical congruence
model. I identified that not all communication is technical, and that many awareness
breakdowns were a result of planning and scoping issues, suggesting that technical
entity conceptualizations should be broadened. Each of these findings inspires modi-
fications to the socio-technical congruence model.

In the remainder of this chapter, I describe the Ship project and how I identified
the above findings and their relevance to the socio-technical congruence model.
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4.1 Research Questions

Research Question 2.1: How do team members maintain awareness of each
other’s activities in a global software-development team?

To gain an overall understanding of awareness and of the knowledge transmitted
throughout the organization, I investigated how a team maintains awareness of each
other’s activities, and what information they sent to each other. I examined the
relationship between awareness and communication, as well as awareness and coor-
dination. By investigating these aspects of communication I identify what aspects of
these social interactions can be incorporated into a socio-technical congruence model.

Research Question 2.2: What actions do team members take during an
awareness breakdown in a global software-development team?

An awareness breakdown is a situation where a problem occurs because of a lack of
knowledge between one or more team members who intended to coordinate with each
other. A previous study identified breakdowns occurring as a result of communication
overloads [69]; another study identified dependencies between technical components as
leading to coordination breakdowns [45]. By identifying problems with coordination,
one can highlight the context around the situation and identify what leads up to the
problem, what the impact of the problem is, and how to avoid the problem in the
future.

4.2 Research Methodology

I used the case study method [227] to examine how a team developing a product
called Ship coordinated and transmitted awareness information about their tasks to
each other. The Ship team is a distributed development team with locations in the
United States and Brazil that develops a business-critical product.

A colleague and I spent a period of three months on-site with the Ship team at
their Brazil office, which contained developers, testers, and environment coordinators
that supported databases and testing environments. My colleague, Sabrina Marczak,
was formerly employed by this corporation, but was serving as a researcher conducting
her own research during this period. Her involvement allowed me to gain access to
the company, its managers, and the developers. In addition, her ability to speak
Portuguese built rapport with the team members. She independently conducted her
own research [148] on the Ship team in parallel with my own research and data
collection.

During the research period, I was permitted to observe their work, sit in on meet-
ings, and listen in on their conference calls. Though the native language in Brazil is
Portuguese, the language used within the corporation was English, and the majority
of communication in the company was in English especially when remote sites were
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involved. I observed working habits at a comfortable distance from the developers,
noting when they initiated communication at their computers, used the phone, or
had visitors at their desk. I rarely observed one developer for more than half an hour
at a time. During this period I took extensive field notes, and after approximately
a week of initial observations, I began to ask the team members briefly for context
about their work if I needed more details. The employees were very welcoming of the
researchers, and were willing to discuss their actions. I had direct contact with every
member of the Brazil Ship team, including the Brazil development leader, the test
leader, and the contractors.

A questionnaire was administered by my colleague as part of her research inves-
tigation. I used demographic data from the questionnaire as a record of the team’s
experience and role within the project, but otherwise did not use the questionnaire
results in this study. The demographics page from the questionnaire appears in Ap-
pendix B.

I was able to observe the last week of a maintenance release and the first 6 weeks
of an enhancement release. At the end of the observation period, the enhancement
release had approximately 10 weeks in its schedule before deployment.

4.2.1 The Ship Project

The Shipping System project, called Ship for short, updated and maintained an in-
ternal software product used by a multinational corporation. The Ship product was
a shipping system that enabled the company to ship its products using different ship-
ping services, or carriers. The system operated in many of its manufacturing facilities.
The product was approximately seven years old at the time of study. The product
was part of a business-critical system, meaning that a failure cost the company a
significant amount of revenue.

There were two development sites in this project: United States, and Brazil. The
team also communicated with production facilities located in other countries such
as Malaysia. The language used among teams was English, but occasionally the
Brazil team would revert to Portuguese when speaking only among themselves. The
team members worked closely with each other, as well as with individuals outside
of their immediate development team. When I came to observe the project, there
were 19 team members on Ship. I had personal access to 10 team members in Brazil.
Unfortunately, the agreement with the organization that runs the Ship project did
not allow me to take software repositories such as source code out of the organization.

I selected the Ship case for the following reasons.

1. It was a global software development team, with development taking place
across two locations. The team communicated using electronic media, phone,
and face-to-face meetings.

2. It was a commercial project developing a business-critical system. The system
was considered integral to the corporation’s regular operation. Consequently,
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this provided more opportunities to observe behaviour of developers in a poten-
tially high-pressure environment.

3. Ship was a mature team, meaning that the team members have the same mental
model. They have worked with each other for at least one year. At the same
time, the Ship team has numerous newcomers, allowing us to observe how the
team interacts with team members who are still learning the domain and the
team.

4. Previous collaboration with the Ship team through my colleague provided me
the benefit of increased trust with the team members.

Organization of Shipping System Project

The Ship team was geographically distributed across two sites. The project manager
was in the United States; the portfolio manager and the business partner, who were
not formally a part of the Ship team, were also in the United States. There were
five developers in the United States allocated full-time to Ship, including the senior
development leader with seven years experience, and a developer with five years of
experience. There were two developers in Brazil allocated full-time to Ship, includ-
ing the Brazil senior development with three years experience, and two developers in
Brazil allocated partially to Ship. In addition, four contractors in a different build-
ing in Brazil were allocated in varying amounts to Ship, though Ship is their most
important project. There were four testers fully allocated to Ship, located in Brazil.
There were two environment co-ordinators, one in Brazil, and one in the United
States, who managed the development and test environments. The team members
were working together for three years on average, and they had worked together on
many projects within the Shipping System portfolio. The team members’ roles and
experience within the Ship project are listed in Appendix A.

Development/test leaders and senior developers/testers, of which there were sev-
eral, allocated people to tasks when they receive notification of how many resources
they are permitted for the project from upper management. In this respect, leaders
and senior team members performed management tasks related to technical project
matters.

There were several levels of manager within this organization. Project managers
allocated individuals to projects, and from there they are allocated to tasks. These
managers also facilitated communication with other parts of the organization, includ-
ing the business partners, and help define the project’s scope and implementation.
Product development managers and portfolio managers oversee business operations
at a level above projects, and ensured that multiple projects meet the business needs
of the organization. In addition to a project manager, there were product managers
who governed overall release plans and managed operations on a higher level. Every
employee also had a human-resources manager, but I considered these managers to



63

Brazil United States

Dev 
Lead

Dev 
Lead

Test 
Lead

Project 
Manager

Testers Developers Developers

Figure 4.1: Shipping System Communication Structure

be out of scope of the observational study. A representation of Ship’s organizational
structure is shown in Figure 4.1.

The customer requirements for the software came from internal clients, which the
team referred to as business partners, also known as “the business”. Business partners
are employees of Org, and were liaisons with external business partners from other
companies. The business partner communicated primarily with the project manager,
lead developer, and senior developer in the United States, as well as the Brazil de-
velopment leader. Most developers and testers were not encouraged to contact the
business partners directly unless it is through a team leader or a senior developer.
The business partner was intimately familiar with how the system worked from a
top-level perspective, and was able to report in detail on changes that were required
in the system.

This system interfaced with a large number of other systems with the company,
including order-tracking systems, middleware, and another shipping system, which I
will call Plus.

The Brazil team was usually four hours ahead of the United States team, though
a daylight savings time shift in Brazil in November saw their clocks move forward,
increasing the difference to five hours for a period during the project. Consequently,
the tendency was that the Brazil team came into work later than the United States
team, and usually stayed later to allow for more overlap between the team’s working
hours.

During our observational period, there were actually two projects occurring simul-
taneously. The team was finalizing one release and at the same time planning for an
upcoming release. I will refer to the first project as Foxtrot and the second project
as Tango. In addition, the gathered data also includes references to a project before
Foxtrot that I cannot report details on.

That said, because both Foxtrot and Tango were related to the same product, in
this dissertation I concentrate primarily on the interactions between team members
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regardless of the actual project. Some team members changed roles from one project
to another, which I will discuss below, but the core team members remained the same.

The Foxtrot Project

This project was a technical enhancements project, which means that it was a main-
tenance release designed to extend features to the Ship product to support its current
clients. This project was in development between approximately May and October.

The Tango Project

This project was also a technical enhancements project, and the primary objective
of this project was to add software support for additional carriers. In addition, some
web-based elements of the system were to be updated. This project was in devel-
opment between approximately September, and was still ongoing at the end of our
data collection period in January. My studies therefore focus primarily on the team
makeup involving Tango. The overlapping period between the end of Foxtrot and the
beginning of Tango was approximately two months.

I followed up with the team after the project deployment and found that the
project deployed on time, and on budget. A number of requirements were moved to
a later date because they were determined as high-risk, but the team did not indicate
that moving these requirements affected the project significantly.

Support Assignments

In addition to both projects, some team members were partially allocated to perform
support work for any issues that were found in the live product. Developers were
assigned to support on a rotational basis, and were expected to be on call to rectify
any critical defects that were discovered during the operation of the system.

The developers were generally expected to work on support in parallel with other
technical enhancement projects, though it was generally understood that support
issues took priority over future development.

Changes in Roles Between Projects

There were shifts in various project roles between the two projects, and some people
allocated to work on Foxtrot were not allocated to work in Tango. I do not have a
complete listing of every affected role but the ones that I am aware of are in Figure
4.1.

Software-Engineering Practices

The team members in Ship used face-to-face interaction, instant messenger, phone,
and E-mail extensively; the latter three are used with remote team members. The
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Role Foxtrot Tango
Senior development leader Mick Mark
Development leader (U.S.) Mark Ann
Test leader (Ship) Nancy Lilly

Table 4.1: Reassigned Roles in Ship project

Brazil development leader often meets with the test lead and the environment coordi-
nator face to face. The culture of the shipping system project encourages communi-
cation among team members, even across geographical boundaries. A team member
is encouraged to contact any other team member for support.

In a discussion with employees in the company, I learned that the employees take
a training course regarding how best to engage in written communication with others.
This training included basic English skills and encouragement of practices such as not
modifying subject lines and keeping each email to a single topic.

As the company was very large, there were multiple development teams that build
and maintain various pieces of software. From what I could observe, no universal
software process was used throughout the company, and each team arranged their
work practices differently.

4.2.2 Data Description and Collection

Observations and Field Notes I kept field notes in a notebook regarding the
team member’s activities. I made particular note of their interactions with others.
After each day, my colleague and I compared notes and discussed observations made
that day to ensure our view of the project and the team were consistent. In addition,
I recorded information in a digital log at the end of each work day.

Interviews I conducted 14 interviews with the Ship developers. I interviewed 2
United States developers, the test lead’s mentor, and 5 different Brazilian team mem-
bers. I held multiple interviews with the senior developer (4) and the test leader (2).
Interviews were tape-recorded with the permission of the interviewees.

The initial interviews with each team member were semi-structured, with the topic
of inquiry being “How are you made aware about changes in the project?” I targeted
awareness issues by asking the team members in interviews for instances in which
“an unexpected change caused problems” within the team. Based on their verbal
description of the problem, I examined supporting documentation and observed the
team at work. I also observed the team for any signs of awareness breakdowns, and
based on my observations, consulted with team members about issues afterward.

Email messages I collected the inboxes from five Brazilian team members: the
senior developer, the test leader, a developer, and two contractors performing de-
velopment tasks. After arranging emails into threads by subject, I had a total of
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5971 unique messages in 1330 threads. I used the WhatLanguage Ruby module [58]
to automatically detect the language, and manually verified the results. 4163 mes-
sages were identified automatically as English, 1449 as Portuguese, and 359 messages
could not be tagged with a language. These 359 messages could not have their body
contents extracted; for instance they may have contained only an attachment.

I used email messages to augment the situations that team members described in
interviews and from observations. I examined the email threads for instances of when
team members informed others of their actions and engaged in coordination. Thus,
I identified when a person in the thread requested information from others or asked
others to execute action, and described the context around such a situation.

I included excerpts of email messages in this chapter. Quotations from email mes-
sages were selected because they were considered as representative of email commu-
nication patterns observed within the team. Because the emails were collected from
developers and testers, the email is biased toward engineering matters. Proprietary
information was replaced for non-disclosure reasons, and spelling and grammatical
mistakes were corrected to preserve anonymity.

4.2.3 Human Research Ethics Board Approval

The University of Victoria requires that research involving human subjects be ap-
proved by is Human Research Ethics Board. The primary concerns of the University
regarding human research are participant recruitment and the effect of the study on
the participants. Three deliverables are required as part of the approval process. The
first deliverable is an application form which requests information about the research
goal and what effects the research has on the organization and its people. The second
deliverable is an Invitation to Participate letter that invites a person to take part in
the research. The third deliverable is a consent form that the participant signs in
order to participate in the research study.

Because we were recruiting within a collaborative industrial environment, we re-
cruited participants by talking with both the managers and employees in the organi-
zation. It is important to achieve “manager buy-in”, that is, to convince management
that the study is valuable for the company and its employees. In my experience with
industrial software organizations, employees will not participate unless given permis-
sion to do so by management. Thus, the recruitment letter indicated that manage-
ment had provided permission to the team members to participate, and that their
relationship would not be affected regardless of whether they decided to participate
in the research or not. Though the human research ethics board may be concerned
about managers coercing their employees to participate, the researcher should inform
the board that manager involvement actually makes employees more willing to partic-
ipate. However, the researcher must also ensure that management does not unfairly
treat employees who decline to participate in the research study.

Recruitment methods must be described in the form. The participants must
be informed of how their information was made known to the researchers. In the
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Ship research, this research was acquired from managers, and consequently had to
be declared in the Invitation to Participate letter. Finally, the fact that one of the
researchers was formerly employed by the company had to be disclosed, and her past
involvement as a researcher needed to be identified and that participants should not
feel pressured to participate because of her involvement.

As part of the ethics approval process, the effects of participation must be disclosed
to the participants. The research needed to be conducted in such a way that it would
not put anyone’s jobs at risk. Because this study was an observational study, there
was minimal risk of harm to the study’s participants, and the largest negative effect
was that employees needed to use time for interviews with researchers. Privacy was
also a risk, which was also handled through anonymization. Data used for this analysis
was anonymized and identifying information was removed.

Information sources used in the study must be disclosed to the ethics board in
advance. If additional sources of data are to be used, the board must be informed
and an adjustment to the form should be submitted. In the Ship study, data collec-
tion included observations, interviews, work diaries, and email. Because email was
considered as property of the company, explicit permission with the company that
the Ship team belonged to, as well as the three contracting companies that the com-
pany worked with, had to be acquired. In my study, this was arranged through the
company’s directors that managed Brazilian development operations.

Further information about the certificate of approval can be found in Appendix C.
Due to confidentiality reasons, the entire approval form can not be reproduced in this
dissertation.

4.3 Observations of Awareness in Ship

Observations of the Ship team highlighted a number of awareness and communication
mechanisms that developers used in their environment. The team members frequently
used email, instant messenger, phone, and face-to-face discussions at each others’
desks. The team also had Microsoft Sharepoint as well as a network shared drive for
sharing documents. I discuss findings of awareness in a socio-technical environment,
then identify how these empirical results should be incorporated into a socio-technical
congruence model.

4.3.1 Awareness Through Physical Proximity

Distance is often associated with awareness: the closer that two people or two groups
are, the more aware they are of each other’s activities [85, 72]. The proximity and
configuration of the office is known to affect coordination in an organization. Allen [15]
reported that offices that there is a dramatic dropoff in face-to-face communication
between offices that are over 30 metres apart. In the Ship team, there were two
geographical teams, but even within the team at Brazil, their seating arrangement
affected the mechanisms that they used to communicate.
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The Ship team was not seated together. The lead developer Aaron sat with
two other developers from Ship in the same four-cubicle block. The environment
coordinator, Kevin, sat approximately four cubicles down the hall from Aaron. The
lead tester and one other tester were in another section of the building.

The remaining 4 developers and 1 tester, who were all contractors, were in another
building across the pedestrian walkway from the main office building. The buildings
were not far from each other, but required exiting and re-entering a keycard-secured
area. Thus, only a few developers were in close physical proximity to each other.
This necessitated presence indicators, such as instant messenger and phone calls, and
required the team to coordinate frequently using digital media, including email and
Outlook invitations.

4.3.2 Exchanging Awareness Information

Use of Email and Calendar to Synchronize Activities Email was used exten-
sively in this organization to communicate information, and as a way to keep others
aware of their current tasks. It was also used for the purpose of exchanging technical
information so that the team members can reach a decision on what actions to take on
the project. Because the team used Outlook, email was also used as a scheduling and
personal time management tool. Use of the email client varied among team members.
Aaron, the senior developer, mentioned the usefulness of “Search” as a way to locate
information. Lilly, the test leader, used folders, classified by the project, as well as
the source of the message, as a way to organize information. Aaron pointed out that
he did not feel overwhelmed by email despite the fact that he had numerous unread
messages in his inbox—he simply said that reading email was “a part of his work”.
On the contrary, the test leader Lilly said that she “sometimes” felt overloaded with
incoming email.

Team members occasionally sent out notifications to the development mail list to
update others about their tasks:

Magda: Team, just so you all are aware, I have been working on:

- [component] DB Changes to support Residential and Commercial

- Same changes in [product]

- [data] in handling label

This reporting of tasks occurred more frequently among contractors than employ-
ees. One reason for this was that the contractors were in another building, and thus
relied more frequently on broadcasting their tasks to keep others notified.

Local and Remote Team Meetings to Synchronize Activities Meetings were
frequently used as a way to synchronize activities between team members. In general,
the Ship team had two types of meetings: face-to-face meetings involving the local
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Locations involved Meeting Type Description

Brazil only Meeting room Team would meet in a common meeting area
Brazil only Teleconference Local team would meet over the phone, usu-

ally for quick status updates
Brazil and U.S. Teleconference

in meeting
room

Brazil team would meet in a common meeting
area, and calls into a teleconference with the
United States team members

Brazil and U.S. Teleconference
only

Brazil team calls in from their own desks and
calls into the teleconference with the United
States team members

Table 4.2: Meeting Layouts Among Ship Team

team only and teleconference meetings that involved both the United States and
Brazil teams. I observed the configuration of the meetings from the Brazil team’s
perspective. The configurations are summarized in Table 4.3.2.

The entire Brazil team met once a week. In addition, the test teams and the
development teams met independently to discuss issues specific to those teams. The
teams also met once a week with the United States team members over teleconference .
Teleconferencing meeting locations varied; often the team met inside one of the testing
labs that was specifically reserved for the Ship project. Sometimes they would instead
met in a conference room.

One drawback of teleconference calls is the lack of awareness of who is participating
in the call. Due to the lack of knowledge of who is part of a call, someone occasionally
asked, “Is [person] present?” Team members participating in teleconference calls often
multitasked. They worked on various other aspects of work, though it depended on the
context of the work. In this respect, it illustrates that even if awareness information
is sent out to recipients, they do not necessarily receive the information, nor do they
necessarily use the information that is offered. Not every teleconferencing meeting
involved the remote team—quick status calls often involved the local team only at
their desks.

Depending on the phase of development, the team met more frequently. For
instance, during system integration testing, which is one of the final stages of testing,
the Brazil team met using teleconference at their desks with the United States team
every day. Depending on the number of issues, such a phone meeting was anywhere
from 10 minutes to 60 minutes long. The discussions tended to be updates regarding
the team’s status, as well as about the status of important defects.

Presence Awareness with Instant Messenger Every member of the team used
instant messenger frequently, and communicated with both local team members and
remote team members. Despite the fact that the team members were in the same
building, on the same floor, they often used instant messenger.
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Instant messages were often sent in parallel with other messages. During telecon-
ferencing calls at the desk, team members discussed various topics. It was not unusual
to observe a team member speaking with multiple people in instant messenger during
a call; in some cases, the instant messenger conversation was with team members
who were involved in the same call that both were listening to. This behaviour was
reported by Niinimaki and Lassenius [168] based on interviews.

Instant messenger was used commonly as a presence indicator, also consistent with
findings by Niinimaki and Lassenius [168]. An instant message was often used before
a person would call or walk over to another person’s desk. This is likely because a
direct phone call was considered more disruptive than an instant messenger. The use
of instant messenger to intentionally switch to another communication medium has
been reported by Issacs et al. [126]. The distance between the team members was
also great enough such that casual visits would have resulted in a team member not
being at their desk.

Instant messenger was also used to augment face-to-face communication in order
to send files and data. In one instance, a senior developer received a call from a tester.
After diagnosing the problem briefly over the phone, the developer decided to head
over to the tester’s desk. He was using instant messenger to send information to the
tester, even though they were both face-to-face.

4.3.3 Technical Discussions in Email

Technical discussions took place in email frequently, but the developers rarely dis-
cussed source code. Instead, they frequently asked higher-level questions about how
data was used, and what it was used for. Thus, rather than talking about what
fragments of code do, or how to write them, most of the questions were about the
meaning of the data. An interview with a developer confirmed that the technical
issues of the team were centred around databases and interoperability of the system
with third-party components.

Team members often contacted each other regarding coordination issues, but
rather than coordinating activities such as code check-ins, they co-ordinated the
exchange of information with outside teams who had interdependencies with the
shipping system. Often, this information was needed for test cases and system inte-
gration, as well as SQL scripts. Unlike in some organizations [28], there was no clear
indication in Ship if each component in the system was owned by a single person.
Many of their communications were about clarifications about requirements, or about
assessing the impact of changes on the rest of the system. Take the following email;
Aaron and John are from Ship, while Rita and Mal are developers from another team
in the corporation.

Rita (developer): And... I talked to Mitch, the expert on our team,
and he is in agreement with me. We need to determine really, where the
Ship [component] table resides, and add the Plus queue information to
that table.
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Aaron/John/Mal...any of you guys...can you tell me which Ship server
houses the Ship [component] table?

Another example of a technical discussion appears below. Jason was a new con-
tractor, with under a year of experience in this project, and initially reported the
problem to Aaron, the Brazil development leader. Aaron acted as the primary liaison
between the new contractor and the experienced senior development leader. Even
though Aaron and Jason were co-located, both were included in the discussion with
Mark.

Aaron (senior developer) to Mark, Jason: If we try to make the
comm with [component D] optional, then we will have to re-write some
components ([component S], for ex.), because these components read the
registry directly...

Mark (senior development leader) to Aaron, Jason: Not all orders
needs to be in [component D]. Why not let the facility host their own
manual process. This way we don’t have to worry if this facility needs to
send to [component D] or not.

Aaron to Mark, Jason: I didn’t understand this. Do you mean allow
the facility to choose, in the GUI, if it is to be sent to [component D] or
not?

Mark to Aaron, Jason: No... We will configure it. Once it’s configured
we’ll locked the configuration and only us allow to change it.

Aaron to Mark, Jason: And will it be client-specific, ship area-specific,
or facility-specific?

The easiest way is facility-specific.

Mark to Aaron, Jason: Then facility it is.

Jason was CCed on each message and was aware of the discussion. Though he was
the developer who will be implementing the changes, Mark was clearly the one who
made the design decisions. This series of email messages occurred over the course of
a few hours in the same day—the initial message (not displayed here) was sent one
day before this exchange.

4.3.4 Non-expert Coordination

As software development is an extremely specialized design activity, one might ex-
pect that much of the communication that occurs within a team involves special-
ized knowledge. However, I found that many coordination tasks were in fact quite
routine. Nakakoji et al. [163] distinguished between expertise communication and
coordination communication. They stated that coordination communication includes
activities such as managing code conflicts. My observations confirm the difference
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between expertise communication and coordination communication. Many situations
did not require expert knowledge.

A number of the coordination efforts undertaken by the team involved scheduling
and planning, rather than technical work. The team leaders were particularly involved
in scheduling, as well as managers and the environment coordinators.

One particular pattern I observed in email discussions was a team member re-
questing permission to perform actions or requesting another team member to execute
actions on his or her behalf. This organization, due to its business-critical nature,
appearred to employ relatively strict access controls and reviews that individuals
needed to work around. Developers and testers interacted frequently with owners of
other subsystems, such as various databases, and the environment co-ordinators who
managed the servers and test environments.

One discussion of a technical solution occurred between the development leaders,
and one of the developers contacted the test team to ask for an approval.

Perry (developer) to test leaders: Can one of you please approve
the build request for this change. Kevin is waiting for an approval before
installing these changes.

An even more extreme case of the developer not having permission to execute an
action is shown below.

Perry (developer): Lilly, Can you attach this email to 2629 and close
the defect. I don’t have permission to attach emails to the defect.

While the first example suggested that some level of approval was required, the second
example does not require the expertise of the a test leader to attach an email to a
defect and close it.

4.3.5 Awareness Breakdowns

While present on the site, I observed a number of situations that resulted in confusion
and problems within the team. Three different situations stood out as particularly
interesting cases of an awareness breakdown.

Situation 1: Domain Knowledge Not Shared

A contractor in Ship, Jason, did not receive a document containing domain knowledge
related to one of his requirements, and consequently lost an afternoon of work. The
requirement was to redesign a shipping label used by a client to meet localization
requirements. Because he did not receive all of the information to code requirements,
he designed prototype labels to send to the leaders for feedback. The Brazil senior
developer had a document from the client that contained clarifications to a number of
requirements, but he had forgotten to forward it to the developer when the contractor
was assigned the new label requirement.
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The document, which described the clients updated label standard, had been
sent to every development lead by a business partner in 2005. The senior developer
in Brazil, Aaron, received a new email message on the business partner list, which
mentioned the label standard, which prompted him to look up the document from
past email archives and discuss it with the senior development leader in the United
States and the senior developer in the United States.

Just before a weekly team meeting, the senior developer in Brazil was discussing
the prototypes that had been provided with the senior developer in the United States
when he recalled the document describing the label standard. They both discovered
that the contractor did not receive the updated label standard. The contractor found
out about this document in the local team meeting between all team members in
Brazil.

Situation 2: Late Requirements Clarifications

The test team of Ship, Lilly, did not receive requirement clarifications from the United
States project manager on time, despite the fact that the development team received
them. The test lead in Brazil recalled a situation when she sent a list of requirements
questions from her team to the project manager. She had also CCed to a senior
developer in the United States. When the project manager received clarifications, he
informed the developers, but forgot to inform the testers.

Ann, the senior developer in the United States who received the original copy
of the message realized that the test team had not received these clarifications, and
forwarded them in email to the test leader, closing the awareness gap.

Although this situation was resolved, a delay between sending the clarifications to
the development team and sending the clarifications to the test team can mean that
the test team works on outdated requirements which may lead to confusion especially
when the development team and the test team synchronize.

Situation 3: Deadline Not Communicated

A meeting discussing the deadline for the final day of the planning phase did not in-
volve the test team. Lilly was not informed about the exit date for the planning phase
that was being discussed among the project manager and some developers. However,
an experienced test lead from the United States, Nancy, who was not allocated to the
project, but was acting as a mentor for the current test leader in Brazil, was present
in a conference call when she noticed that the project manager was mentioning dates
that seemed suspicious to her. She spoke with Lilly about the situation, and then
confronted the project manager to ensure that he knew he was forgetting the test
team in his planning.

The awareness issue was resolved quickly by the mentor and prevented any damage
to the project. However, had the test team not been made aware of the planning phase
deadline, coordination in the project would have been affected. They may not have
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finished their estimations, their task assignments, or their requirements questions
before development started.

4.3.6 Implications of Awareness Breakdowns

Effects of a Technical Awareness Breakdown

Jason, from Situation 1 told us in an interview that he was still productive and did
not lose time as a consequence of the awareness breakdown.

Jason (contractor): I don’t think I wasted much time because I have
other tasks to do. So, if I sent an email [asking], “How should this partic-
ular detail should be done?” I did not lose time waiting for them, I have
other things to do.

The effect of the delay from global software development was reduced because
the developer could work on other tasks. Although some time was lost due to a
lack of awareness about the requirement, the time may not have been significant
because he was able to work on other, more stable requirements while waiting for
more information.

Thus, while there is a significant delay when working in global software develop-
ment [113, 166], parallelizing work may help minimize the effect of this delay. When
planning a project, especially in a global software-development project, a manager
should consider assigning a number of stable requirements with an unstable require-
ment to the same developer.

Effects of a Planning Change Awareness Breakdown

The awareness breakdown in Situation 3 illustrated an awareness breakdown that
occurred due to a planning change. In this situation, the change did not involve any
technical entities that are traditionally modelled in communication, and was instead
involving the project schedule. Part of this awareness breakdown was compounded by
distance—the test team does not have as high visibility as development because there
are no testers from the project located at the United States, where the project man-
ager was. Fortunately, an experienced former tester, Nancy, identified the problem
and was able to communicate quickly back to the test team.

A manager involved in planning must be aware of others when making changes
to the plan. This emphasizes the importance of keeping experienced team members
at each site who know and understand the needs of other team members, and can
bridge their gaps if necessary.

Understanding Information Needs of Others

The information needs of developers in Ship parallel the information needs in previous
studies such as those by Ko et al. [132]. Developers seek to understand why technical
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modules are implemented in a particular way and often inquired about interactions
between components as well. While documentation existed, to some extent, the team
members depended heavily on co-workers for accurate, up-to-date information.

A developer’s immediate task awareness is acquired by attending meetings or by
keeping a close watch on incoming email messages. This information is fed back
into a team member’s team mental model over time, and this person becomes more
experienced and familiar not only with his own relationship to the project, but of the
information needs of others.

The development of this team mental model leads to the ability of experienced
team members to bridge awareness breakdowns for others. Situation 2 and 3 demon-
strated cases where an experienced team member bridged awareness gaps for another
team member

In the Ship study, the most experienced team members were in the United States.
Some of the awareness breakdowns occurred because decisions were made at the
United States location without reporting the results of the decisions to the Brazil
team. However, an experienced team member in the United States helped to support
the test team leader in Brazil. This phenomenon was observed in a similar study of
the Ship team [150].

4.3.7 Team Mental Model of Open Knowledge Exchange

I observed a culture within the team that encouraged the team members to seek advice
from each other or provide information when it was requested from others. The team
members in Brazil were very willing to assist each other with various tasks. This was
reflected in their face-to-face interactions as well as observed in email discussions.

The team communicated frequently with the United States team in teleconference
calls, and also exchanged visitors on a regular basis to build trust between the teams.
The integration in these teams was very close, and in fact a recent reorganization in
Brazil saw the group restructured such that the United States team and the Brazil
team would be treated as one team by the portfolio managers. This reorganization
reinforced the team’s operation as a single unit, rather than as two disparate teams.

The team members reinforced teamwork by giving public acknowledgements to
others in email when fixing defects, as below:

Thomas (environment coordinator): I want to thank all of the fol-
lowing people for their help and hard work while working through this
problem.

[List of five individuals appears here, addressed by first and last name]

Without their contribution we would not have been able to work the
problem through and make all of the corrections.

WAY TO GO GUYS!!!!!!
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This was followed up with an acknowledgement by the senior development leader, as
well as a shift in focus directing the team toward a new task.

Mark (senior development leader): Way to go team...!! Thanks y’all
for your help.

[Project] team, Please validate your process once [dev] confirms that it’s
working,

It appeared that the developer who initially reported the problem not only wished to
express his thanks, but also felt the need to ensure that his appreciation was visible
to the senior people in the project.

Even when assigning tasks, the senior developers took the time to send encour-
agement and recognize team members.

Mark (senior development leader): Team, we’ve been working really
hard on this and spending numerous hours over these changes. We’re
almost there guys.. Please hang in there with me. Let’s make this de-
ployment the same as any other deployment we put together. Looking
forward for another success on this. Thanks again for all your hard work
and dedication..

Yun, you’ve step up above and beyond in this release. As always..

Barry (project manager): I agree folks. Great job to you all. Be
careful in your travels over the next few days too.

In interviews, the team members reported satisfaction with their colleagues and,
overall, did not see distributed software engineering as being detrimental to their
work.

The team members had regular exchanges between the United States and Brazil.
A developer, Yun, went to the United States to help with a data migration needed
for part of the project. After two failed data migrations, Perry, Yun, and the se-
nior development leader from the United States, Mark, met for coffee and discussed
alternatives—after coming up with a solution they deployed it and the data migration
was successful. Yun, who had been working with the team for the past one and a half
years, readily praised the two teams that worked over distance. He had just returned
from his trip in the United States, working closely with the remote team:

Yun (developer): The team, [Brazil], [United States], we have a really
great integration among ourselves. We work very close. It doesn’t mat-
ter most of the time if you are here in [Brazil] or there in [the United
States], because it’s the same to work with [the United States team] and
[contractor company]. It’s easy to work with them, and we have a great
integration in terms of the team.



77

Ann, one of the development leaders, had the following to say about working in
the team.

Ann (senior development leader): We have a great team. Working
with the Brazil guys is very well done by our team. I think that we are
the benchmark for [Organization] in that.

This highlighted the trust that the team members have for each other. The Brazil
team is relatively mature, having worked with the United States team for about three
years, and at this point they were both working comfortably with each other on the
project.

4.3.8 Threats to Validity

The limitation is that the interpretations are made primarily by a single observer. To
counter this threat, I have included as many supporting references as I could to sup-
port my interpretations. I observed the developers for many days over approximately
three months, and reported details with respect to the context in which the Ship team
worked. In addition, I examined the data for cases that would explicitly contradict
my claims. I have also engaged in peer debriefing [83], in which I shared the results of
the study with my colleague, who was present with me at the time of the Ship study
on site. This allows me to triangulate my observations with an independent observer
who is able to identify inconsistencies. However, interpretations of the data based on
observations should be replicated in other environments.

Another threat to validity is that a single observer cannot be everywhere at once
and thus only get a small piece of the whole picture. The discussions the team mem-
bers engage in are extremely technical in nature. This makes it difficult for an observer
to identify the significance of the coordination issues that the team members face.
To counteract this, I complement every observed instance of an awareness breakdown
with interviews to confirm their effects on the team members. I approached the team
members to understand their work and the effects that coordination has on their
work, and later read documents and email collected from the study. The length of
the study, over many days, also counteracts this threat by increasing the number of
situations that I observed.

The observations made based on this empirical investigation should be considered
as evidence of potential phenomenon to investigate further, rather than a general-
ization that should be applied to all of software development. However, the socio-
technical congruence model should be able to handle a large variety of situations—that
is, if a situation occurs at least once, then the model should have an adaptation to
be able to represent the observed phenomenon, even if it is not considered general
behaviour.
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4.4 Modifications to the Socio-technical Coordina-

tion Model

To complete Objective 2, I discussed how the findings from the awareness study inspire
some additional requirements for the socio-technical congruence model. I highlight
the contributions from the awareness study to the model in Figure 4.2.

I observed that communication often occurs in parallel, and that multiple media
was used simultaneously to maintain awareness. Meetings are easily incorporated as
social relationships: simply draw a relationship between one team member and every
other person who attended the meeting. If a meeting agenda is available then this
can be linked to the topics that were discussed. Furthermore, the results of this study
indicated that an experienced team member was able to bridge awareness gaps
between other team members. This is an example of a brokerage pattern [150].
Thus, using a broker can lead to the avoidance of awareness problems, even across
distance. However, a broker does not simply “appear”, rather, brokerage must be
enabled. One way to enable this is to ensure that an experienced team member is
located at each site, and that the team member understands the information needs of
every role on the team. If a broker B is constantly used to connect two people A and
C, a special social relationship network called a transitive social relationship can
model the transitive relationship between A and C. Such a network would indicate
that the two people who communicate through the broker are actually connected and
are aware of each other even though they do not directly communicate.

The empirical investigation of awareness highlights the importance of represent-
ing different types of communication in parallel. Currently, socio-technical congru-
ence models do not handle simultaneous communication. One way to model parallel
communication would be to introduce multi-variable modelling by using multiple
“social relationship” matrices that each represent a type of communication, and to
set it such that certain media types satisfy certain technical relationships. Email, for
example, is the primary medium used for detailed technical discussions in this situa-
tion and thus should be treated differently from a face-to-face meeting that addresses
more design-oriented aspects. Another example would be the use of communication in
combination with a brokerage relationship: either one may be considered sufficient to
bridge a gap. Using multiple variables may allow one to represent how different levels
of communication richness or physical proximity satisfy technical relationships.

The awareness breakdowns observed in the project were primarily a result of
planning and scoping, rather than a result of technical changes. This suggests that
technical relationships may need be expanded to include elements that are not
strictly technical in nature, such as higher-level features. If a feature is modified,
then not only should individuals who are “assigned” to the feature be notified, but
everyone affected by the feature should be informed—for example, all of the members
in a certain role.

The three aspects that appear in the model, extending the technical relation-
ship conceptualization, extending the social relationship conceptualization, and multi-
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Figure 4.2: Elements From the Awareness Study that Contribute to the Socio-
technical Congruence Model

variable modelling, reflect situations that appear in the Ship awareness study. Though
these situations were formed specifically from this empirical investigation, it is impor-
tant for a socio-technical congruence model to be flexible enough to address multiple
situations in socio-technical coordination. Thus, these additions increase the ability
of the model to be adaptable to a large number of situations.
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Chapter 5

An Empirical Investigation of
Communication Patterns in a
Global Software Team

Communication is an important part of coordination [133, 89] and has an effect on how
well teams work together [13]. A socio-technical congruence model is not complete
without considering communication.

My objective is to investigate communication patterns in a global software team.
Currently, there is little information about important communicators and emergent
people in software development. An important communicator is a person who is
highly involved in work-related communication with the team. An emergent person
is a person who is included in an online discussion only after an initial set of recipients
had been contacted. While current conceptualizations of socio-technical congruence
incorporate communication, they do not provide guidelines on how to handle excep-
tional situations like important communicators, different types of roles, and emergent
people. Investigating these situations in socio-technical coordination provides insights
into extending the socio-technical congruence model.

Objective 3: To examine communication patterns, which in-
cludes important communicators and emergent people, and to
identify how communication patterns can be represented within
a socio-technical congruence model.

The empirical findings identified that the Ship team development leaders and test
leaders communicated extremely frequently, followed by developers. Managers sent
messages to large numbers of people. Environment coordinators kept in frequent
contact with both developers and testers, more so than managers. Because both
managers and environment coordinators were so heavily involved in communication,
technical entity conceptualizations should be adjusted to ensure that these people can
be included in a socio-technical congruence model. Emergent people were identified to
emerge in unexpected situations, in response to requests, during announcements, and
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during follow-ups. Emergent repliers were identified as participating to consult with
experts, to provide status updates, to report results, and to provide expertise. Thus,
when an emergent person appears, that person’s link to a technical entity should be
identified, if possible. If that person’s contribution to the project is significant, then
the technical relationships network needs to be updated.

The remainder of the chapter describes the data analysis from Ship that leads me
to the above findings. I identify the individuals who are important communicators,
and examine why emergent people are involved in discussions.

5.1 Research Questions

Research Question 3.1: What are the characteristics of important commu-
nicators within a global software team?

An important communicator is someone who has significance in a software engineering
team because of his communication. Communication is commonly acknowledged as
important to development work [133], and someone who communicates frequently
or is strategically positioned to communicate [38] may be disseminating important
information. The objective of this study is to identify common characteristics among
these important communicators to determine if they should be incorporated into a
socio-technical congruence model.

Research Question 3.2: What situations in email involve of emergent peo-
ple?

The emergent people communication pattern represents an exceptional situation that
deserves further attention. During this study I formed a preliminary model describing
why emergent people are involved in email threads. A reply made by an emergent
person suggests that there was some missing knowledge that required the inclusion of
this new person. Studying emergent people has implications for developing effective
communication practices in an organization, as well as for expertise-recommender
systems, and may lead to a better understanding about why developers provide in-
formation to others.

5.2 Research Methodology

I conceptualized communication as the email communication within the Ship team
described in Section 4.2.1. The team members confirmed with me that email is the
one of the primary methods of communication used within the team; every developer
indicated that they relied on email in their work. For them, written communica-
tion was important because of their geographic distribution. These team members
communicate frequently with team members located in United States and Malaysia,
among other locations.
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Pattern Analysis technique Application

RQ 3.1:
Important
Communicators

Frequently communicating
pairs

Identify roles of people who fre-
quently communicate with each
other

Closeness centrality Identify team members that con-
tact a wide range of nodes in the
network

Degree centrality Identify team members who send
and receive a large amount of com-
munication

Eigenvector centrality Identify team members who talk
with other important team mem-
bers in the network

RQ 3.2:
Emergent
People

Qualitative analysis
Identify why emergent people are
involved
Identify why emergent repliers re-
ply

Table 5.1: Analyzing Communication Patterns

I conducted two types of analysis to answer the research questions (Table 5.1).
I address Research Question 3.1 by applying multiple social network analysis mea-
surements on email communication threads to identify significant participants in the
Ship email network (Section 5.4). I address Research Question 3.2 by qualitatively
examining email threads in which emergent people are present (Section 5.6).

5.2.1 The Ship Project

For this empirical investigation, I used the Ship project described in Chapter 4,
Section 4.2.1.

To provide context for communication patterns, I identified, when possible, the
project role of an individual. Many roles were indicated in the email messages them-
selves, for instance, as job titles in email signatures and in lists of project allocations.
The legend for the roles appears in Table 5.2. A list of the people directly associ-
ated to Ship appears in Appendix A. To protect the team members’ identities, I used
fictitious names.

5.2.2 Data Description and Collection

The data source for this empirical investigation was email inboxes from five team
members in Brazil. These individuals were the test leader, the development leader,
a developer, and two contractors performing development tasks. Prior to processing,
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Role Description

Product/portfolio manager Manages a product area, which contains multiple
projects

Project manager Manages a project
Manager A manager (lack of information does not allow me to

determine product or project)
System architect Developer who designs architectures for projects
Senior Development leader Leads development teams; manages development

teams and technical decisions
Development leader Leads development teams
Developer Develops as part of a project
Test leader Leads testing teams
Tester Tests as part of a project
Business partner Supplies requirements for projects
Environment coordinator Sets up and configures environments for project

teams
Unknown (lack of information about this person’s role in the

project)

Table 5.2: Roles in the Email Social Network

the majority of the emails came from the test leader and the development leader. The
email communication occurred among people in the organization that the Ship team
members were a part of. The team itself consisted of 21 team members. However,
because the team members communicated with people outside of their direct team,
the archives involved many members of the organization outside of the Ship team.

The data collected from team members was in Microsoft Outlook PST format. In
order to convert this to a mechanism that was usable for social network analysis, I
performed the following steps.

• Removed attachments.

• Replaced HTML with plain text.

• Extracted quoted messages into a new message. If a quoted message was identi-
fied as embedded in an existing message, it was extracted from the email message
and created into its own message. This allowed us to examine email messages
that were sent between members of the organization outside of these five team
members. Because there was no standard quoting format in the emails, this
process was not perfect, and there are a number of edge cases that may have
resulted in erroneous parsing.

• Removed non-work-related email. The Brazilian team members very rarely
used their email for non-work purposes. Most non-work messages were iden-
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tified by discovering email messages that were sent to domains outside of the
corporation’s domain or the corporation’s client’s domain.

• Resolved duplicated identities. Because the email archives were in Outlook for-
mat and the setting is a corporate network, the identities included names and
email addresses. Variations between names were minor; for example
“John Doe@example.com” and “Doe, John”. Identities were manually resolved,
and double-checked with my colleague who participated in the empirical inves-
tigation.

• Grouped messages into threads by subject. Messages with the same subject
are considered as part of the same thread. I remove subject line modifiers such
as “Re” and “FW”. In this organization I found that few members tampered
the subject lines. This representation of a thread is a simple, yet sufficient
representation of a message thread in this empirical investigation. There were
only two exceptions in which this conceptualization did not work: the first
situation was when the subject line was left empty, and the second was when
the subject line “Tasks” was used. These exceptions were resolved by inspecting
the messages manually and combining each message into an appropriate thread.

After arranging emails into threads by subject, I had a total of 5971 unique mes-
sages in 1330 threads, where a unique message has a message body, a sender, and
a recipients list that is not equal to any other message. I used the WhatLanguage
Ruby module [58] to automatically detect the language, and manually verified the
results. 4163 messages were identified automatically as English, 1449 as Portuguese,
and 359 messages could not be tagged with a language. These 359 messages could
not have their body contents extracted; for instance they may have contained only
an attachment.

The project-related messages did not start until May 1, 2006. I focused my analysis
on May 2006 to January 2007, a period of approximately 8 months. I removed 62
messages in 29 threads that were received before May 1, 2006. The various inboxes
from the study participants did not necessarily overlap the same time periods—that
is, some participants had email archives with a larger time range than others.

The team members rarely removed quoted material from their emails; the entire
thread of conversation was included in subsequent replies. Repliers usually placed
their reply at the top of a message, above the quoted material. Keeping previous
messages intact in a message thread helped both emergent people and initial recipients
keep track of the conversation without having to refer to other email messages.

5.3 Analysis of Important Communicators

To answer Research Question 2.1, I used the complete set of email messages for social
network analysis, and apply metrics that identify important communicators.
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In the email network, each vertex represents a person. An edge v1, v2 represents
an email that was sent from person v1 to person v2. Every edge is directed. Multiple
messages between individuals are represented as parallel edges. Loops were allowed.
I calculate general statistics of the network and apply social network analysis mea-
surements that are meant to identify important communicators. I apply multiple
techniques to ensure that the results are consistent.

Though there were 5971 unique messages in the email network, there were mul-
tiple communication edges in the social network because a single message could be
broadcast to multiple individuals. Thus, one message sent to multiple recipients, even
if it is a unique message, can be “duplicated” due to the nature of email. The social
network analysis measurements are applied to the entire network.

The analysis of the email social network was performed using R [2] and the
igraph [63] package.

Centrality

Centrality indicates the relative importance of someone in a social network. In gen-
eral, a high-centrality individual tends to be “in the middle of things” compared
to a low-centrality individual. A centrality value is provided for each vertex in the
network.

I used three centrality measures: closeness centrality, degree centrality, and
eigenvector centrality. I choose a subset of centrality measurements to use, as some
of the existing measurements, such as betweenness centrality, are not appropriate for
email networks [35]. I chose not to use betweenness centrality because it calculates
the measure based on whether a node is on a large number of shortest-path geodesics.
In email networks, no shortest path restrictions exist because email can be addressed
to any other member of the network.

Closeness Centrality

Closeness identifies the proportion to which a person in the network is connected
directly to others. Closeness indicates that two people communicate without having
to go through intermediaries. Someone with high closeness centrality is well-connected
to many other people in the network.

Closeness centrality is the average length of the shortest path from this vertex to
every other vertex in the network [94]. The closeness centrality Cc for a vertex vi is
calculated as [219]:

Cc(vi) =
[ g∑

j=1

d(vi, vj)
]−1

where d(vi, vj) is a distance function calculating the distance between vertices vi and
vj.
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A vertex with a high closeness centrality is considered well-connected to others
in the graph [94]. An individual with high closeness centrality has made numerous
connections with others and is likely to have many contacts [94].

Degree Centrality

Degree centrality identifies people who have a large volume of communication, and
account for parallel duplication of information. Degree centrality indicates the number
of incoming or outgoing edges to a node [94]. The node-level degree centrality is simply
the degree of the node:

CD(Ni) = d(ni)

The degree centrality represents the number of people who have a direct connec-
tion to this actor. Someone who has high degree centrality sends and/or receives a
large number of messages, and suggests that this person participates often in com-
munication.

There are three types of degree centrality in directed networks:

In-degree Centrality In-degree centrality is the number of incoming ties to a node [94].
A high out-degree–centrality node receives a large number of emails compared
to other nodes in the network.

Out-degree Centrality Out-degree centrality is the number of outgoing ties from
a node [94]. A high out-degree–centrality node sends a large number of emails
compared to other nodes in the network. Even if a message’s content is unique,
the message’s content is duplicated if it is sent to more than one recipient.

Total Degree Centrality Total degree centrality is the sum of in-degree centrality
and out-degree centrality, and is an indication of the total traffic that travels
into or out of a node.

Eigenvector Centrality

Eigenvector centrality identifies which network nodes are connected to highly-connected
individuals and are thus in a position to learn more about the information moving
throughout the network at large. Someone with high eigenvector centrality is more
likely to be receiving important information from peers.

A summary of the general procedure is described by Newman [165] and recreated
below. Let the centrality of vertex i be denoted by xi. In order to increase the
centrality of a vertex based on the influence of its neighbours, let xi be proportional
to the average of the centralities of i’s network neighbours.

xi =
1

λ

N∑
j=1)

Aijxj
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where λ is a constant. Defining the vector of centralities x̃ = (x1, x2, ...), we can
rewrite this in matrix form as

λx̃ = A · x̃

and thus x̃ is an eigenvector of the adjacency matrix with eigenvalue λ. For more
details please consult Newman [165] and the evcent documentation in igraph [63].

A large eigenvector centrality indicates that a vertex is connected to nodes who are
connected to many other vertices. Thus, while the number of connections still matter,
a vertex with a small number of high-quality contacts may outnumber a vertex with
a large number of mediocre contacts. In the context of email, a high eigenvector
centrality node is connected to nodes that send and receive many messages, and are
therefore more likely to receive and be aware of important information in the project.

5.4 Results for Important Communicators

I analyzed 5971 messages sent between 944 unique individuals. Despite the fact
that our data set contained of inboxes from only five individuals, our extraction
techniques, as well as the frequency at which messages are sent to others in this
organization, allowed us to capture a large number of actors in the corporation.
Table 5.3 summarizes the characteristics of the email data.

The social network of emails plotted from the perspective of five technical team
members appears in Figure 5.1. Most of the network is connected, which is expected.
There are two disconnected components: these were emails sent to distribution lists
on which one of our participants was on. I was unable to expand the distribution list
to identify exactly which team members were on these lists.

Empirical cumulative distribution plots As part of the interpretation of the so-
cial network analysis measures, I present empirical cumulative distribution plots that
display the distribution of measurements for each vertex in the network. Many social
network parameters, such as degree, tend to follow a power-law distribution [135, 12].
I plot the empirical cumulative distribution functions for each type of centrality.
These graphs illustrate the distribution of the data. The x-axis indicates the value
of the observed measurement, and the y-axis indicates the proportion of observations
equal or less than the value at x. For instance, a figure with a very sharp slope at a
low value of x (such as in Figure 5.5) indicates that the majority of observations have
a low x-value and that very few observations have a high x-value.

5.4.1 Frequent Communicators

I identify how many instances of directed communication occur between each pair of
people and identify those pairs that communicate most often. Given the distribution
of pairs of people communicating, I took the top 1% most frequent communicating
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Figure 5.1: Email Network for Ship Based on Five Inboxes from Technical Team
Members. The node dize is the Indegree of the node (larger is higher degree) and the
greyscale level is the k-core of the node (darker is higher).

pairs. The most frequent communicators communicated at least 87 times (99% per-
centile). Table 5.4 lists the most frequent communicating pairs in the entire email
network. Figure 5.2 shows the social network of frequently-communicating individu-
als.

The most frequently-communicating pairs of people were the developers commu-
nicating with each other, followed by the test leaders communicating with each other.
The majority of the frequent 1% communicating pairs were from the Foxtrot and the
Tango projects, with the sole exception of Isabelle, who was a senior developer from
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Num. of messages 5971
Num. of edges 35856

Num. of unique edges 5348
Num. of nodes 944

Num. of people who sent at least one message 237
Num. of people who received at least one message 924

Num. of threads 1330

Av. num. messages in a thread 4.5
Max num. messages in a thread 80

Av. num. people in a thread 9.3
Max num. people in a thread 96

Av. num. people who sent a message in a thread 2.2
Max num. people who sent a message in a thread 12

Av. num. people who received a message in a thread 8.8
Max num. people who received a message in a thread 95

Table 5.3: Characteristics of Email Data Set

the Plus project. Most of the top communicators were leaders of some kind—either
test leaders or development leaders. Only a few developers communicated frequently,
but they tended to communicate with the leaders. Of interest was the prominence of
the former test leader Nancy, who was previously a test team leader in the project.
This person, even when not in a leadership role, still contributed significantly.

The two environment coordinators, Kevin and Thomas, are on this list and com-
municated frequently with leaders. From the perspective of the development team,
the senior developers and test leaders communicated more often with the environment
coordinators than they did with the managers in the project. Three managers appear
in Table 5.4: these people are Phoebe, the project manager of Foxtrot; Barry, the
project manager of Tango; and Sawa, the product manager of the Ship project who
oversaw both projects. The managers were relatively low on the frequent communi-
cators list, but one explanation is that the engineering-centred bias of the data did
not capture the communication managers had with other managers.

Frequent Communicators within Ship

Figure 5.3 illustrates the communication between the team members that I identified
as being in the immediate Ship team for the Tango project. There are 10 Brazilian
team members, 9 American team members, and 2 additional American contacts of
the team (Sawa and Ari) in this network. With respect to the email network, the
core team contained 3.28% of the total actors that I observed. A total of 3657 unique
messages were sent within the team, which is 61% of the emails that I observed in
this data set. A total of 12324 non-unique email messages (34%), including CCs, were
sent by and received within the Ship team. Unlike in the total network that involved
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Source Source Role Target Target Role Connections
Ann (Development leader) Aaron (Development leader) 304
Ann (Development leader) Mark (Senior development leader) 303
Ross (Test leader) Lilly (Test leader) 283
Dan (Developer) Aaron (Development leader) 259
Nancy (Test leader) Lilly (Test leader) 253
Ross (Test leader) Nancy (Test leader) 241
Ann (Development leader) Yun (Developer) 240
Ann (Development leader) Perry (Developer) 225
Lilly (Test leader) Nancy (Test leader) 219
Ann (Development leader) Lilly (Test leader) 191
Nancy (Test leader) Ross (Test leader) 187
Aaron (Development leader) Jason (Developer) 176
Lilly (Test leader) Aaron (Development leader) 174
Aaron (Development leader) Dan (Developer) 172
Lilly (Test leader) Adrian (Tester) 170
Lilly (Test leader) Ross (Test leader) 168
Jason (Developer) Aaron (Development leader) 164
Mark (Senior development leader) Ann (Development leader) 161
Mark (Senior development leader) Aaron (Development leader) 158
Yun (Developer) Aaron (Development leader) 155
Lilly (Test leader) Ann (Development leader) 154
Yun (Developer) Perry (Developer) 153
Jason (Developer) Dan (Developer) 144
Dan (Developer) Jason (Developer) 144
Ross (Test leader) Mark (Senior development leader) 142
Lilly (Test leader) Sammy (Tester) 142
Dan (Developer) Yun (Developer) 137
Mark (Senior development leader) Yun (Developer) 137
Aaron (Development leader) Yun (Developer) 131
Mark (Senior development leader) John (Developer) 130
Ann (Development leader) Will (Developer) 125
Lilly (Test leader) Kevin (Environment coordinator) 124
Perry (Developer) Yun (Developer) 121
Yun (Developer) Magda (Developer) 121
Ross (Test leader) Isabelle (Development leader) 113
Lilly (Test leader) Mark (Senior development leader) 113
Ross (Test leader) Phoebe (Project manager) 112
Lilly (Test leader) Josa (Tester) 105
Lilly (Test leader) Yun (Developer) 104
Ross (Test leader) Ann (Development leader) 103
Aaron (Development leader) Ann (Development leader) 103
Ann (Development leader) Barry (Project manager) 103
Ann (Development leader) Thomas (Environment coordinator) 103
Mark (Senior development leader) Perry (Developer) 103
Ross (Test leader) Vig (Tester) 101
Dan (Developer) Carlos (Unknown) 100
Ross (Test leader) Kevin (Environment coordinator) 100
Ann (Development leader) John (Developer) 99
Kevin (Environment coordinator) Lilly (Test leader) 95
Ann (Development leader) Ship Dev ML (Mailing list) 93
Ross (Test leader) Ross (Test leader) 92
Ann (Development leader) Dan (Developer) 92
Ann (Development leader) Nancy (Test leader) 89
Lilly (Test leader) Barry (Project manager) 87
Ann (Development leader) Sawa (Product manager) 87

Table 5.4: Top 1% communication pairs in Email Network
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Figure 5.2: Network of High-degree Actors and their Connections. Color is outdegree
(darker is higher) and node size is indegree (larger is higher).

every person contacting or who was contacted by the five team members (Figure 5.1),
communication within the Ship team is dense; everyone communicates with everyone
else.
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Lilly - BZ - Test leader

John - US - Developer

Kevin - BZ - Environment coordinator

Sawa - US - Product manager

Ann - US - Development leader Cathy - US - Portfolio manager

Ari - US - Business

Dan - BZ - Developer

Aaron - BZ - Development leader
Yun - BZ - Developer

Magda - BZ - Developer

Barry - US - Project manager

Mark - US - Senior development leader

Thomas - US - Environment coordinator

Jason - BZ - Developer

Adrian - BZ - Tester

Evan - US - Developer

Jim - BZ - Tester

Will - US - Developer

Perry - US - Developer

Sammy - BZ - Tester

Figure 5.3: Network of Ship Tango Project Team Members Only. The light colours
indicate people in Brazil, and the dark colours indicate people in the United States.
Node size is indegree (larger is higher). Dark, heavy lines indicate more frequent
communication.

5.4.2 Centrality to Identify Important Communicators

Closeness Centrality: Highly-connected Communicators

The closeness numbers indicate the people who are, on average, closest to every other
person in the network. Table 5.5 lists the Top 20 members in the network with
the highest closeness. Unlike frequently-communicating pairs, closeness measures
distance of connections. In this respect, one can see that managers and leaders are
in a position to link different people within the organization together.

The majority of these individuals are people who were related to the Ship team
members, although there were additional team members such as Nicky (tester from
Plus), Cecil (role unknown), Isabelle (developer from Plus), Fred (a product man-
ager), and Ernest (project manager from Plus).
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Name Role Closeness
1 Lilly Test leader 0.111
2 John Developer 0.110
3 Nancy Test leader 0.110
4 Mark Senior development leader 0.110
5 Ann Development leader 0.110
6 Phoebe Project manager 0.110
7 Dan Developer 0.110
8 Nica Tester 0.109
9 Barry Project manager 0.109

10 Aaron Development leader 0.109
11 Ross Test leader 0.109
12 Cammy Portfolio Manager 0.109
13 Sawa Product manager 0.109
14 Ron Developer 0.109
15 Magda Developer 0.109
16 Cecil Manager 0.109
17 Mick Senior development leader 0.109
18 Yun Developer 0.108
19 Perry Developer 0.108
20 Cathy Project manager 0.108
21 Michelle Developer 0.108
22 Isabelle Development leader 0.108
23 Will Developer 0.108
24 Sammy Tester 0.108
25 Thomas Environment coordinator 0.108
26 Trent Senior development leader 0.108
27 Fred Product manager 0.108
28 Oz Unknown 0.108
29 Jason Developer 0.108
30 Ermi Project manager 0.107

Table 5.5: Top 30 Closeness Actors in Entire Network

Degree Centrality: High-volume Communicators

Degree indicates the total number of incoming and outgoing messages for each node.
This number represents the volume of communication that each person receives or
generates.

With respect to email indegree (Table 5.6), the lead tester had the most incoming
messages, followed by the Brazilian senior developer; as these two people featured
prominently in my email data, this was not surprising. As expected, a very small
number of vertices have very high indegrees (Figure 5.5).
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Name Role Indegree
1 Lilly Test leader 2167.00
2 Aaron Development leader 1992.00
3 Ann Development leader 1651.00
4 Yun Developer 1640.00
5 Mark Senior development leader 1612.00
6 Nancy Test leader 1234.00
7 Perry Developer 1143.00
8 Ross Test leader 1049.00
9 Dan Developer 893.00

10 John Developer 823.00
11 Kevin Environment coordinator 746.00
12 Jason Developer 675.00
13 Thomas Environment coordinator 674.00
14 Magda Developer 632.00
15 Will Developer 578.00
16 Isabelle Development leader 540.00
17 Phoebe Project manager 525.00
18 Sammy Tester 504.00
19 Ron Developer 502.00
20 Barry Project manager 497.00

Table 5.6: Top 20 Indegree Actors in Entire Network

Of the Top 20 degree centrality people, the people that were surprising to see
were Kevin and Thomas, the environment coordinators. In this data, which is
development-centred rather than management-centred, they each received more mes-
sages than the only manager to make the list, Phoebe.

The list of outgoing emails (Table 5.6) is also similar to the in-degree and total
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Figure 5.4: Empirical Cumulative Distribution Function Plot of Closeness Centralities
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Figure 5.5: Empirical Cumulative Distribution Function Plot of Indegree Centralities

Name Role Outdegree
1 Ann Development leader 3455.00
2 Lilly Test leader 3148.00
3 Ross Test leader 2835.00
4 Mark Senior development leader 2037.00
5 Nancy Test leader 1831.00
6 Mick Senior development leader 1378.00
7 Aaron Development leader 1317.00
8 Dan Developer 1278.00
9 Yun Developer 1217.00

10 Sawa Product manager 998.00
11 Thomas Environment coordinator 904.00
12 Barry Project manager 901.00
13 Cammy Portfolio Manager 838.00
14 Kevin Environment coordinator 752.00
15 Jason Developer 616.00
16 Ben Unknown 611.00
17 Ari Business 585.00
18 John Developer 483.00
19 Phoebe Project manager 424.00
20 Perry Developer 402.00

Table 5.7: Top 20 Outdegree Actors in Entire Network

degree centralities. However, the managers ranks highly on the outdegree centrality
tables compared to the indegree centrality tables. The business representative also
has a prominent outdegree centrality position. Cammy, the portfolio manager of the
Plus project, is 13th ranked for outdegree centrality but is not in the Top 20 for
indegree centrality, suggesting that managers tended to send emails to large numbers



96

0 1000 2000 3000

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Outdegree Centrality

F
n(

x)

●●
●●●
●●●●
●●●●●
●●●●●●●●●
●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●● ● ● ● ● ●

Figure 5.6: Empirical Cumulative Distribution Function Plot of Outdegree Centrali-
ties

Name Role Total.degree
1 Lilly Test leader 5315.00
2 Ann Development leader 5106.00
3 Ross Test leader 3884.00
4 Mark Senior development leader 3649.00
5 Aaron Development leader 3309.00
6 Nancy Test leader 3065.00
7 Yun Developer 2857.00
8 Dan Developer 2171.00
9 Mick Senior development leader 1689.00

10 Thomas Environment coordinator 1578.00
11 Perry Developer 1545.00
12 Kevin Environment coordinator 1498.00
13 Sawa Product manager 1453.00
14 Barry Project manager 1398.00
15 John Developer 1306.00
16 Jason Developer 1291.00
17 Cammy Portfolio Manager 1011.00
18 Ari Business 1004.00
19 Magda Developer 990.00
20 Phoebe Project manager 949.00

Table 5.8: Top 20 Total Degree Actors in Entire Network

of recipients. Due to limitations of the data set it is not possible to know what number
of messages a manager tends to receive.

Our email data indicates that the core members of the Ship team have the highest
degree centrality, with the leaders communicating most often. The test leader Lilly,
and the development leader Ann both communicated more than the others in the
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Figure 5.7: Empirical Cumulative Distribution Function Plot of Total Degree Cen-
tralities

team, with over 5000 incoming and outgoing messages each (Table 5.8). One unex-
pected result was that the environment coordinators are very highly ranked, at 10th
and 12th place. One of the top-ranked portfolio managers, Cammy, is a member of
Plus, not Ship, suggesting that she may have been a point of contact to Ship.

Overall, the test leader and the development leaders tended to be primary com-
municators. However, even inexperienced developers communicated frequently. Dan,
a developer with under a year of experience in the project, ranked highly in each
table. Jason, another new developer, also ranked highly. Developers tended to com-
municate frequently using email compared to testers, who did not make the Top 20
degree centrality table.

Eigenvector Centrality: Connected To Other Influential Communicators

Eigenvector centrality elevates a particular person if that person is connected to
important communicators. This means that this person is “in the loop” and tends to
receive secondary information from primary sources.

The top eigenvector centrality actors were the development and test leaders. Two
actors, the Brazilian test leader and the development leader of Ship from the United
States, had high centrality compared to the other team members. The values for
eigenvector centrality dropped very quickly outside of the core Ship team (Figure 5.8).
Most of the high-profile team members appear in Table 5.9.

5.5 Analysis of Emergent People

To answer Research Question 2.2, I examined emails from the perspective of the five
technical team members whose inboxes I collected. The emergent people analysis,
therefore, was focused primarily around development and test-oriented activities. I
examined emails written in English only. English messages in this data set made up
4105 email messages in 1095 message threads.
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Name Role Eigenvector.centrality
1 Ann Development leader 1.000
2 Lilly Test leader 0.977
3 Aaron Development leader 0.769
4 Ross Test leader 0.766
5 Mark Senior development leader 0.761
6 Yun Developer 0.651
7 Nancy Test leader 0.622
8 Dan Developer 0.481
9 Perry Developer 0.399

10 Kevin Environment coordinator 0.352
11 Jason Developer 0.335
12 Thomas Environment coordinator 0.334
13 Barry Project manager 0.275
14 John Developer 0.259
15 Sawa Product manager 0.247
16 Magda Developer 0.236
17 Mick Senior development leader 0.233
18 Ari Business 0.222
19 Isabelle Development leader 0.204
20 Phoebe Project manager 0.194

Table 5.9: Top 20 Eigenvector Centrality Actors in Entire Network
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Figure 5.8: Empirical Cumulative Distribution Function Plot of Total Eigenvector
Centralities

I applied a script written in R [2] on the social network data that identified the
initial list of recipients, and then identified if subsequent messages in the thread
added recipients to the list. If any recipients were added, the thread was considered
as containing emergent people. If any of these new recipients sent an email message,
then the recipients were marked as emergent repliers.
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On average, an email thread had approximately two senders and 10 unique in-
volved people in total, though one thread had as many as twelve senders and 96
involved people. An email thread contained on average 4.2 messages, and ranged
from 1 message to 76 messages. The number of recipients and the number of emails
in a thread follow a power law distribution.

I selected the threads that contained the largest number of emergent incidents,
where an emergent people replied to a message in a thread. I read these messages and
used thematic qualitative coding to examine the common themes of discussion among
the individuals, paying particular attention to when a person emerged in discussion,
and when an emergent people contributed to the discussion. After coming up with
an initial set of codes, I further selected at random additional threads, some of which
may have been duplicates of our initial set, and re-coded the data to verify if the
codes were in agreement with the data.

5.6 Emergent People

Of 1095 threads collected from five people, 34% contained emergent people. When
there was an emergent person, about 5 people emerged during the course of the
discussion. The number of messages in a thread containing no emergent people was
about 3 messages/thread, but the number of messages in a thread with emergent
people was about 8 messages/thread. The threads that involved an emergent person
had more than twice the number of messages than threads with no emergent people.
A summary of the number of emergent people in threads appears in Table 5.10.

Of threads with emergent people, 59% threads contained an instance where at least
one emergent person replied to the discussion. There was an average of one emergent
replier in a thread with emergent people. This means in most cases, someone included
in a discussion often had something to contribute.

The distribution of the number of emergent people illustrated one outlying case
(Figure 5.9). Ninety-five percent of the threads had 14 emergent people or less. Both
the number of emergent people and the number of emergent repliers were heavily

Number of threads 1095
Number of threads with emergent people 458

Number of threads with emergent repliers 269

Av. number of unique emergent people per thread 4.6
Av. number of unique emergent repliers per thread 1.8

Av. number of msgs in threads with emergent people 4.5
Av. number of msgs in threads with no emergent people 2.4

Av. number of msgs in threads with emergent repliers 8.4

Table 5.10: Statistics of Emergent People in Threads



100

0 20 40 60 80

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Number of Emergent People

C
um

ul
at

iv
e 

D
is

tr
ib

ut
io

n 
F

un
ct

io
n

●

●

●

●

●
●
●●
●●
●●●

●●●●
●●●●●●● ●● ●

Figure 5.9: Cumulative distribution function of the number of emergent people in
email threads
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Figure 5.10: Cumulative distribution function of the number of emergent repliers in
email threads

skewed to the left (Figures 5.9 and 5.10), and though there were significantly fewer
emergent repliers than emergent people, they had similar distributions.

5.6.1 Involving People in Email Threads

An emergent person can be included in the message in one of three ways.

1. The emergent person may be included directly in the CC when the initial re-
cipient writes a reply.

2. The initial recipient may write a reply, and let the initial sender write a new
message that includes both the initial recipient and the emergent person in the
reply.

3. The initial recipient may write a reply and the initial sender may write a new
message but target the emergent recipient only.
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Context of emergence Detailed context

Unexpected Event
Crisis
Changing situation
Team providing updates

Request

Request and Acknowledge
Internal Team Consultation
External point of contact

Announcement
General announcement
Automated notification forwarding
Forgotten team members

Following up
Post-meeting engagement
Dormant issue

Table 5.11: Taxonomy of Contexts That Lead to Team Member Emergence

Overwhelmingly, the employees in this organization utilized the first pattern,
where the initial recipient replies to the initial sender, and includes the emergent
person in a CC. From a process standpoint, this is the fastest way to involve an emer-
gent person. I did not observe the occurrence other two cases in my observations.

Though the pattern of the initial receiver including the emergent recipient in on
the message required more effort on the part of the initial recipient, the employees
were very willing to engage in this pattern of assistance. In other words, a message
participant was willing to take his own time to add someone to the message on behalf
of the initial sender.

I could not identify contextual differences of placing someone in the To field rather
than in the CC field. Consequently, I treated both fields identically.

5.6.2 Situations That Involve Emergent People

I summarize the contexts in relationship to emergent people in Table 5.11.
There are certain contexts that lead to the involvement of emergent people in the

discussion. Initially, these messages are sent to a number of people, but are sent to
new recipients.

Unexpected Event

An unexpected, external situation affects the emergence of team members.

The Crisis As the system was a business-critical system that was crucial to the
operation of the business, it was often subjected to pressures that were outside of the
organization’s control, such as infrastructure upgrades, manufacturing stoppages, and
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client requests. These unexpected events often affected large numbers of individuals,
both within the team that I studied and outside of the team. These unexpected
events were crisis situations that had to be handled quickly. Often, a manager or
senior team member was included in the initial message, and the rest of the technical
team emerged as they were notified of the crisis. In many cases, the leaders requested
information about how to properly plan for and implement the changes, or delegated
the task to an individual on the team.

One example of such a situation was when a major operating system patch was re-
leased. These patches were viewed as crucial and a corporate-wide message indicated
that they were to be deployed during the weekend, less than a week after the initial
notification. In this situation, the test team members were the emergent people. The
development leader notified the test leader midway through the conversation, who
had to come up with a test strategy of the system once the patches were put into
place.

Another example occurred when a development leader was unable to locate a
development server. The machine was not responding to pings, and was not in the
physical location where it should have been. This issue was a crisis because the server
was to be used for user-acceptance testing with a customer who was coming on-site.
The emergent people were the development team members; the senior development
leader emailed the team to try to locate the machine, and later asked who was using
which servers to see which machines could be reallocated.

In crisis situations, the message threads tended to be very long. Many emergent
people were notified because crisis situations tend to “snowball”, meaning that new
recipients were continually added. However, these threads did not involve many
emergent repliers, suggesting that even though there were many people aware of the
crisis, very few people were actually able to provide information to solve it.

In one case, a solution was discovered after a software upgrade in the environment
caused unexpected behaviour in one of the components. After this solution was
deployed, the team needed a tester to go through the test scenarios to verify that
everything was working again.

Externally-influenced Situation In one situation, a specific development server
could not be located in the server room. This required that the team shift resources
to new servers. As part of this work, the team leader contacted the development
team, who were initially not involved in the problem with the missing computer:

Ann (senior developer): Please reply to all with any dev servers that
you are currently working with. We can talk about these later today at
the dev team meeting.

The change in situation, due to the server not being locatable, required that the team
leader get a status update from the team.

Another situation involved a problem with production servers that had to be
rebooted on very short notice. The system architect of the team wrote a message to
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the system administrators, as well as the Ship team to inform them of the ongoing
situation:

John (developer): The prod [Ship] DB servers listed here are our new
Production [environment] that has not been implemented yet so we will
need see any issues from these. Once they go into production it would
be nice to get this kind of information on a regular basis. Would it be
possible to have this report generated weekly and forwarded to all of the
[Ship] team?

Even though the entire team, with the exception of the system architect and a devel-
opment leader were emergent, none of the emergent team members replied, meaning
that the message was sent purely for informative purposes.

Some of the situations were not exactly a crisis, but were “unexpected events”
outside of the team’s control. The participants in the thread would react based on
new information provided by communicators involved in the thread. This would
often necessitate an action that would be executed by someone not currently in the
discussion.

Team Providing Updates—“Peeling the Onion” In this situation, the team
members uncover information about an issue as messages are sent from person to
person. A message that is initially relevant to only a few people is bounced around,
especially from the manager to the senior developer, to the developers. A development
manager eventually may consult with his team about a specific issue, which leads to
the discovery that technical data may be missing or inconsistent.

Often consulting with the team involved trimming the other recipients so that only
the people involved in the technical aspects are included until an answer is agreed
upon. When the answer was finalized, often the test team was called upon to test
the changes to ensure their correctness, and reported updated information back up
to leaders and managers.

Explicit Request

An emergent person often emerged as a result of an explicit request from one of the
involved parties in the current discussion as a consequence of what was discussed in
the thread.

A developer may explicitly involve a third party during a discussion to request
that the developer investigate a specific issue. Even though this emergent person
was not involved initially, something that occurred during the discussion triggered
one of the participants to request that this person perform a task. Related to this
is expertise-seeking: a developer contacts another one to ask for assistance with a
technical issue. If the initial recipient is unable to answer, then he will usually refer
the sender to someone who does.
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In this project, developers and testers do not always seek knowledge from others,
but often requested others to execute actions that did not require expert thinking.
For instance, the test leader often required that the environment co-ordinators made
changes to the test or production environments that the test leader did not have
permission to make. Because of the critical nature of this project, access to various
components are limited. The environment co-ordinators were often able to make the
necessary changes in a timely fashion, but by forcing the team to go through these
experts, the environment co-ordinators are fully aware of every change that occurs in
the environment. These observations are consistent with the non-expert coordination
instances I reported in Section 4.3.4. Other requests I observed included software
installations and execution of test scripts.

Request-and-Acknowledge An emergent person can be included because a per-
son was explicitly requested to perform a task or provide expertise. The person
requesting the action will often CC the message to the target before sending the
message.

This situation will arise when someone seeks expertise, or when someone delegates
an assignment in response to an evolving situation.

In this pattern, an individual seeks contextual information from another individual
or small group of people. The number of emergent people is small in this pattern
because the person who requests information is doing so through someone that he or
she is comfortable in contacting.

The information sought after is usually in regards to context, or about the status
of the developers. Despite the use of the phrase “expertise seeking” in software
engineering to generally refer to contact between developers, most of the requests are
not requests for highly-technical information.

In addition, the use of the phrase,“seeks help” often comes up. The developers
are looking for help but usually not help that is related to programming.

A sender may ask a recipient to suggest a third party to consult with. This form of
expertise-seeking from those that you know well is established in existing literature.
(e.g. Nakakoji et al. [163], Erhlich et al. [85]). This pattern is also observed when
asking for points of contact for other teams.

During an evolving situation, a team member involved in the discussion may
decide that a specific action should be undertaken. This team member will write
the request and CC it to the person who should execute the action in addition to
the other recipients of the message. The emergent person will reply, usually with an
acknowledgement or with the results of the action.

Another trend is one where a problem is discovered, and a technical leader requests
the teams to look into the problem. The team that is tasked to investigate the problem
moves its specific technical discussions to his own technical team, before reporting
back with the results.

For instance, take this question by the test team leader.

Lilly (test leader): Is there a new schedule for [database] deployment?
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We didn’t complete database upgrade and [component] test and we’ll need
to schedule a new set of test to be executed before we can deploy it.

This message was sent to a small number of people, including the project manager
Barry, the test team mentor, Nancy, and the development leader in Brazil, Aaron.
The reply eventually came from Mark, the senior development leader from the United
States, suggesting that Barry forwarded the message to Mark.

Mark (senior development leader): Team,

There shouldn’t be anything in the way of the Test team testing [database].
All nodes should be up for [database]. The only valid test outstanding
you mentioned below is the [component]. Nothing else is consider in this
release. If there’s any [tool] then it will be tested with the [Tango] release.
Please let me know if you have any questions or concerns.

Please include [John] in all communication related to [database] release.

[Additional list of concerns]

This message was received by the team members that Lilly originally contacted, in
addition to John and Mark. These team members were all team leaders.

In many cases, a person is emergent because a decision is made among leaders
and the emergent person is asked to execute the decision. This is a case of isolating
information within a small group of experts related to the problem. Take for example
the following exchange.

Hal (developer) to Perry (developer): The problem is that the testers
are not finishing the orders assigned to [P] build, then the delete the order.
The delete process does not clear the pallet build locations properly. The
best practice would be for the testers to complete orders that are assigned
to [P] build.

Otherwise the P build locations that are locked need to be updated.

SQLfragment

And commit of course.

Hal

Perry (developer) to Kevin (environment coordinator), Lilly (test
leader): Kevin/Lilly, Here are Hal’s comments.

Kevin, can you run the script provided by Hal and that should fix the
problem.

Let me know if you have any questions.

Thanks

Perry
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This example illustrates coordination between Hal and Perry on an issue and
agreeing on a decision. Perry then sent the decision to Kevin, the environment coor-
dinator, to execute the script, and copied Lilly to keep her aware. This situation also
illustrates another instance of non-expert coordination (mentioned in Section 4.3.4)
between Perry and Kevin.

This type of selective filtering of recipients occurred often within the Ship team.
Activities such as scheduling and planning was usually kept within the leaders and
was not usually sent to the rest of the team members. In addition, there were many
issues that were role-specific and were not forwarded to others until internal decisions
are made. The testers and developers tended to do this with various technical issues;
in addition, there was also occasional division within the geographic locations, such
that the Brazil team would agree on a decision before presenting it to the United
States.

Consulting with the Internal Team Managers and technical leaders often served
as brokers between teams. This occurred because someone from another team re-
quested information or an action, and the manager included the people on his team
because he knew who was relevant to the discussion.

This may have also occurred when a manager caught wind of changes that affected
his team; in another case when the manager learned of changes in a requirement, he
requested a member of his team to implement the changes.

Consulting an External Point of Contact A point of contact is a person who
acts as a representative for another team. This person is available for others to
contact if an issue that can be handled by that team arises. While this person may
be a manager, this is not usually the case.

In my observations of email, the point of contact was not the emergent person.
Rather, it was the people that belonged to the point of contact’s team who were
emergent, because the point of contact was able to refer the initial sender’s request
to someone with the ability to solve the issue or provide the necessary information.

One such exchange occurred through the product manager, who contacts a specific
individual for a response. In this case, the product manager acts as the point of
contact for the Ship development team.

Ann (senior developer) to Sawa (portfolio manager) and a num-
ber of developers: Sawa,

The [specification] specifies that invoice value [Text] should be for [car-
rier1], [carrier2], [carrier3], and [carrier4]. Do all of the other carriers
remain as they are today? [carrier5], [carrier6], [carrier7], [carrier8], etc.
These all have [Text] printed on their shipping labels (in my sample book).

Thanks,

Sawa (portfolio manager) to Donny (role unknown) and the orig-
inal recipients, plus a number of managers: Hi Donny....
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Can you respond to Ann’s question?

At the beginning of one of the projects, a list of point of contacts for each team
was sent to the team leaders. This list may have been used as a reference by the team
leaders when determining who to contact for expertise. However, even this list could
not be considered a definitive source of information—there was discussion about how
some of the points of contact were not confirmed at the time the message was sent.
This concern came up because some of the teams were in between projects, and the
people were being reassigned to different roles.

Announcements

Emergent communicators were often brought up when an announcement affecting the
project were made. Such announcements are usually wide-reaching, and sent by an
upper-level manager. Often, these messages were messages of congratulations, but
occasionally contained pertinent project scheduling information.

General announcements Because general announcements were meant to address
a large number of individuals, the developers in the project did not hesitate to forward
the messages to individuals that they identified as not being on the recipients list.
Such bulk mailings are similar to the “snowball effect” observed by Aranda and
Venolia [18]. In one important situation, the new project manager sent a message that
ordered the postponement of a database upgrade that was to happen this weekend.
A developer who had been working for the project for approximately three years
noticed that a number of contractors who were working on this upgrade were missing
from the recipients list—this developer not only forwarded this message to the missing
contractors, but also emailed the manager and informed him to notify the contractors
about related issues in the future.

When announcements are deployed, a manager may forget to include someone
whose work is affected by the announcement. In these cases, I observed that experi-
enced developers forwarded the message to these forgotten individuals, usually as soon
as they received the message. The developer, in one case, also notified the manager
that these individuals were not included as recipients and that future correspondence
should include these people.

A similar pattern occurred when a manager realized that people were forgotten
in an initial email message like a meeting invite, and re-sent the message to the
additional recipients.

This indicates that email recipients in this organization are very cognizant of
the recipients, and are able to identify when someone is left off of the mailing list.
Previous literature [128] indicated that the probability of a reply was reduced if there
were a larger number of recipients on the list. Our observation appears to support
this result: if all of the necessary individuals are included in the notification then
there would be no need to notify the manager that these individuals were missing.
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Automated Notification Forwarding In this organization, the managers re-
ceived regular updates from automated notification systems, particularly of defects
discovered in production servers. In these particular instances, the senior develop-
ment manager determines what information is relevant to his team, and forwards the
notification to the development team with a pointer of what is wrong. The team
members are emergent because they are not in the initial list of recipients.

This behaviour was observed particularly frequently with a senior development
manager in Ship.

Presumably, one reason why the defects are not broadcast to everyone by default
is due to information overload. These defects were usually not the same kinds of bugs
that one might see during software development, but were critical errors that impede
the ability of the products to function. Consequently, it was up to the managers to
triage these defects and allocate resources accordingly to repair them.

Following-up

Emergent communicators were often identified as a consequence of following up on
an event, which was usually a meeting. The initial message, usually automatically-
generated, was sent to a number of individuals.

Meeting Follow-up I observed in a number of cases that the message sent in reply
to the meeting invite after the meeting was finished included a number of individuals
who were not invited to the meeting.

These emergent people were involved for a number of reasons. First, they may
have been invited to the meeting through word of mouth, not email. Second, the
people who were included in the reply may be affected by the decisions made at
the meeting, and the inclusion of these individuals was a matter of courtesy by the
meeting host. In both contexts, follow-up involvement implies that what was initially
electronic communication was carried over into other communication media, such as
a teleconference or face-to-face meeting.

Reviving a Dormant Issue An issue may be discussed at some length between
parties, and suddenly brought up again without any context in the emails. This may
suggest that the issue has come up in off-line discussions (meeting, phone, IM) and
was important enough to warrant a discussion involving a larger number of people.

5.6.3 Reasons Why an Emergent Person Replies

I examined the contexts surrounding an emergent person’s entry into a threaded dis-
cussion. Why does an emergent person choose to become involved in the discussion?

In every single one of the threads that involved an emergent person, at least one
emergent person responded to the message. On average, of the emergent individuals,
approximately half (52%) of them contributed to a discussion in which they were
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emergent. This means that people who were included in on a discussion after the
fact often had something to contribute back to the discussion, even if they were not
initially included.

Even though about five people on average emerged in threads with emergent
people, only one person on average sent a reply. This means that while a reply from
an emergent person is possible, only a small number of people choose to reply to the
email message. I examine why an emergent person chooses to send a reply to the
other recipients.

Consulting with Experts

The consulting with experts situation occurs when an emergent person replies to a
specific request for expertise or advice.

Initially, the initial sender sends a message with a question to an initial recipient.
However, the initial recipient is not able to provide an answer, and thus CCs the
message to others for help. The emergent replier consults with the team to request
a recommendation on how to proceed. This was not limited to developers; in fact a
manager often CCed their technical team for advice. This behaviour is interesting
because an emergent person is often presumed to be someone the participants seek
information from, and not someone who taps into the discussion to opportunistically
gather information.

Status Updates

The status updates situation occurs when an emergent person replies to a request for
a team’s status.

The initial sender sends a message, usually regarding an unexpected situation, to
initial recipients. Because of the problem, the initial recipient then sends this message
to a number of emergent people to request a status or a resource update. This applied
not only to physical resources, such as computers, but also task assignments within
the team. This was most commonly seen during a crisis situation, where an individual
sends a message to learn who is using a particular server or who owns a particular
piece of code.

Reporting Results

The reporting results situation occurs when an emergent person replies to a request
to execute an action.

The initial sender sends a message to a number of initial recipients. Because of the
nature of the message, the initial recipient forwards or CCs the message to another
person with a request for that person to carry out a task. The emergent replier
responds with the results. This occurred frequently due to the limited access issue
in the team, where developers and testers do not necessarily have access to make
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changes to other components in the testing environment or in the live production
environment.

Providing expertise

The providing expertise situation occurs when an emergent person replies to a dis-
cussion that involves the initial recipients. Unlike in the consulting with experts
situation, there are few emergent people.

The initial sender sends a message to a number of initial recipients discussing an
issue. Because the initial recipient does not have an answer, he CCs the message to
an emergent person, and the emergent person replies to everyone involved.

An example of this emergent reply occurred in the following exchange.

Ben (developer): Hi Sawa,

I require some help with International requirements for FoxTrot.

[List of requirement-related questions]

Sawa (product manager): Hi Ben,

Please review the attached file...it should answer most of your questions.
As for [question], I will have to ask Norman.

The manager was able to address most of the questions, but for the issue that
could be immediately addressed, the manager involved this emergent person. The
manager directly included the emergent person in the message, without any kind of
introduction or salutation to the issue.

Cover Me! The Cover Me! situation is a specialized version of the “providing
expertise” situation. It occurs when an emergent person sends a message to multiple
people in order to let others know that he is taking action. In some respects, it is a
way to keep others aware of his actions, and allows them to intervene if necessary.

An initial sender, when asking a question, will send the message to an intended
recipient, but will CC a manager or a party that is interested in this request in
addition to the intended recipient. This lets the manager, as well as the recipient,
know who is involved. This also ensures that the recipient knows the importance of
the situation, and also keeps the manager aware of the status of the request. If the
recipients are unable to take action, then they will often refer the sender to someone
who can.

In addition to senders covering themselves, team members often covered for others,
especially if they were on vacation or out of office. Many messages have relatively
large CC lists; one reason for this would be to ensure that an expert is able to reply
even if someone is not actively checking messages. The importance of this is that this
organization ensured as often as possible that no critical role was left unfilled, even
if other team members were not necessarily aware of someone’s absence.
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Reasons for Reply Description

Consulting with experts An emergent team member consults
with the discussants about possible
courses of action

Providing status updates An emergent team member asks for
help from the discussants

Reporting results An emergent team member provides
an update or a reply to an earlier re-
quest

Providing expertise An emergent team member supplies
expert information about the issue

Table 5.12: Emergent Person Reply Involvement

For instance, one environment co-ordinator Thomas directed his question at the
Brazil development leader.

Thomas (environment coordinator): Aaron,

Would the issues I’m seeing on [Server] be related to the [Component]
upgrade?

A reply was sent by the Brazilian environment co-ordinator Kevin, who is located
at the same site as the development leader Aaron; he redirects the question to Joey,
who is not located in Brazil.

Kevin (environment coordinator): Aaron is on vacation. but I think
so.. There are several issues yesterday on [component] side, according to
Joey.

Joey, any comments?

This pattern of referring people to off-site experts has been observed in previous work
[151]. The next day, when addressing the same issue, Thomas and Kevin have another
similar situation where they are aware of each other’s responsibilities.

Thomas (environment coordinator): Kevin is out so I will bounce
some of the [project] Servers and validate the environment.

The team members, in this situation, were able to identify information requests from
others and ensure that the appropriate individuals could still coordinate their activi-
ties to work around the missing team member.
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5.7 Discussion

The investigation of the Ship project provided an in-depth view of how team members
on a software project interact with each other through email communication. I exam-
ined important communicators and emergent people communication patterns. In this
section I discuss some of the findings in the context of socio-technical coordination,
and suggest specific techniques that distributed teams can use to mitigate the effects
of awareness breakdowns.

5.7.1 Decentralized Knowledge Exchange

Examining only Ship team members in the Tango project revealed a decentralized
structure (Figure 5.3). Communication was very dense within this core, and the team
members communicated with almost every other team member. The team frequently
communicated across boundaries; as shown from our email communication analysis
there was no difference in the frequency of contact with remote colleagues compared to
local colleagues. This observation reflects the team’s mental model of open knowledge
exchange, mentioned in Section 4.3.7.

5.7.2 The Contributions to Communication From Support
Roles

In this project, it was interesting to discover that the environment coordinators were
very involved in project communication, despite the fact that they were not allocated
to specific tasks in the project plan like developers and testers are. In fact, the
environment coordinators communicated more often with the development team than
the managers and the testers. The business partner also was involved in some of the
communications, though not as frequently as the core team.

Because this project tended to be database-driven rather than code-driven (Sec-
tion 4.3.3), this may explain why the environment coordinator is a critical team
member. In addition, the environment coordinators worked primarily with the Ship
team and did not have assignments to many other projects. This may have led to
better integration of the environment coordinator into Ship.

In addition, the managers send many messages compared to other team members.
Though they are extensively involved in communication in the same way that support-
staff are, and are not necessarily in a central location of the network, they were shown
to send messages to large numbers of people. This implies that managers require more
support for reaching large subgroups of individuals—perhaps individual teams, or sets
of roles—than other roles.
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5.7.3 Rapid Communication in Crisis Mode

A situation that often required knowledge exchange in this project were situations
that were “crisis situations”. These situations were easily identifiable because they
included a large number of emergent people and deep message threads. However,
these crisis situations usually did not include a large number of emergent repliers. In
a crisis, communication is spread to as many relevant recipients as possible on the
chance that any one person with the right expertise can step in with a solution.

Previous work by Dabbish et al. [66] and Kargiannis and Vojnovic [128] has shown
that the more recipients there are for a message, the less likely a reply to that message
will be received. The style of communication during a crisis in Ship appears to be
counterintuitive—one would think that it is of utmost importance to receive a reply
in such a situation. Additional analysis would need to be done to determine (a) what
the probability of receiving a reply is in a crisis situation is and (b) whether the reply
received leads to solving the problem, even if the initial message was sent to many
recipients.

While a crisis situation is often related to technical issues, like a missing server
situation, or a defect in the production system, these are not always recorded in
technical repositories. Socio-technical congruence models using repository data would
capture the second case, since it goes through a repository, but not the first one.

5.7.4 Locating Emergent Experts

Locating the correct people to contact can delay progress on work. Thirty-five per-
cent of the threads sent included emergent people, and of these threads, 58% included
an emergent replier. Threads that included emergent people are longer, on average,
compared to threads that did not include emergent people (2.45 vs 7.47). These
threads were longer because portions of the discussion were devoted to letting every-
one know that an additional person was included in the discussion. If a message is
addressed properly to the right people from the start, then there is less coordination
setup required and more knowledge can be exchanged.

Automated knowledge management systems have been built for the purpose of
locating experts in order to reduce communication delays. Examples of these systems
are STeP IN [226], Expertise Browser [160], Expertise Recommender [155], Related
Contributors [173], and EEL [157]. Unfortunately, there is little evidence that recom-
mender systems have gained wide adoption in software development. In this particular
organization, the team members were content with going to other team members for
information. Recommender systems would help in a subset of cases that I observed
as involving emergent people, and specifically, a recommender system that is able to
locate appropriate points of contact may be more useful than a system that refers
individual developers or testers. With respect to extremely technical information, a
point of contact in a gatekeeper role may be aware of who has knowledge in his team,
but an individual developer, if asked a specific question, not only might not know the
answer, but might not know who to refer the questioner to.
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A team member’s communication network within an organization is also very
extensive—one person simply can not keep track of every person in his network.
Much of the communication in the Ship team involved people who were outside of the
Ship team, but have interdependencies with the Ship team. These people included
business analysts, points of contact outside of the company, operations staff from
the company’s shipping facility, and technical experts from other projects such as
Plus. The amount of interconnectivity the Ship team had with people outside of
the immediate project team was impressive. The fact that over nine-hundred names
could be extracted from the inboxes of five team members with incoming emails from
the past six months shows how far email can reach within the organization. Some
simple contact management tools may benefit team members in a socio-technical
environment immensely. Most team members do not need references to frequently-
reached contacts—they know their team members. What they do need is a way to
contact important people that are infrequently spoken to, but are necessary to move
project tasks along.

5.7.5 Threats to Validity

The main limitation of this study is that the email data is not a complete sample and
was based on inboxes from five team members in development. I was only able to
gather a small cross-section of data from the Brazil team members. This means that
the email messages tend to be development and testing centred, and likely favour
interaction among the Brazil team members. At the same time, gathering an en-
tire snapshot of the company’s email messages would have been extremely difficult
and subject to a number of ethnical and logistical problems. As a consequence, the
quantitative analysis associated with this data collection method is only valid for a
subset of the team. This data set reflects the activities of the development team the
best, because the majority of the emails were collected from team members who were
developers. However, the test leader had the single largest inbox collected.

Because the email data set was primarily developer and tester-based, managers
and other supporting staff are underrepresented in this analysis. Though I could infer
that managers, customers, and supporting staff were important communicators, I was
unable to determine the content of their discussions. For example, though I found
that managers received and reacted to automatic notifications, I cannot conclude
whether managers found these useful, or if their position in a network was inflated
because of such a system. My limited access to manager inboxes does not allow me
to draw conclusions about what information managers receive in this project.

The data is focused on the Ship Brazil team and consequently email from the
United States is underrepresented. This means that local email communication within
the United States team is not in this data set, nor are communications between man-
agers recorded. As a consequence, I try to limit discussion of these groups to the
nature of their outgoing messages rather than drawing conclusions about the commu-
nication needs of managers. Even though a substantial amount of data could not be
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retrieved, I believe that the insights benefit the study of socio-technical coordination.
The data was in a non-standard format and although reasonable technical effort

was expended in ensuring the correctness of the data, there may be instances of
duplicated messages, missing messages, timing errors regarding message time stamps
(particularly with respect to transitions in daylight savings time), or similar. I do not
believe that the interpretation of the data is affected by these errors.

While many of the roles of the primary actors within this data were identified cor-
rectly, some of the roles and tasks of members within the network could not be con-
firmed, making our understanding of the circumstances limited. In addition, because
of the small number of individuals examined in detail, the assessment of roles cannot
be considered as complete. The insights into the team’s communication patterns in-
dicates potential areas for exploration—by identifying phenomenon for exploration,
the groundwork can be laid for future studies that involve a larger number of cases.

With respect to the emergent person analysis, the fact that 1449 messages were
in Portuguese may affect the reasons that team members emerged. The coding of
emergent person situations was done based on sampling from the 4163 English mes-
sages. Possible effects would be the existence of more casual and personal interactions
between team members in Portuguese messages, or the explanation of complicated
tasks that the team members may not have felt comfortable explaining in English.
Nonetheless, as the majority of the messages were in English, there is sufficient ev-
idence to establish the preliminary model of how emergent people are involved in
conversations.

Care was taken not to use bias when understanding emergent people using quali-
tative methods. Unfortunately the data was coded by a single individual only. I went
back to the data and examined the email with the intention of looking for exceptional
cases that did not fit the categories.

5.8 Modifications to the Socio-technical Coordina-

tion Model

To complete Objective 3, I discussed how empirically-observed communication pat-
terns inspire a number of necessary guidelines when applying the socio-technical
congruence model. The main finding is the incorporation of the emergent person.
I highlight the contributions from the email communication patterns study to the
framework in Figure 5.11.

This research investigated important communicators in Ship. The takeaway is
that support staff, as well as managers, are important team members whose
continued involvement is crucial to the project. These team members do not
have direct technical dependencies, but yet have a large amount of influence on socio-
technical coordination—for instance, the environment coordinators are often required
to run and install scripts in the Ship project. One way to extend the involvement
for these individuals would be to refine the conceptualization of a technical
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Figure 5.11: Elements from the Email Communication Patterns Study that Con-
tribute to the Socio-technical Congruence Model

entity to include managers. Another way to incorporate all of the staff would be
to represent multiple technical entities: for instance, there may be a technical entity
for source code, but another one for all code changes that require the operation of a
particular database server. The changes that require the database server would each
create a technical relationship between the people involved with the change and the
appropriate environment coordinator. Thus, similarly to the conclusions in Chapter 4,
the concept of a technical relationship can be expanded to include these roles.

The emergent person emerges for a number of reasons. In some cases, such as a
crisis, the emergent people are not necessarily involved in the situation and do not
contribute back. However, receiving such messages increases the awareness of team
members. The Ship team members exchanged information within their own team fre-
quently. This may reinforce existing research regarding familiarity [85], highlighting
that people who are familiar with each other are more likely to contact each other for
information. Thus, an emergent person appearing in another team member’s network
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is not detrimental to the project if both are already within the same organizational
group. A more important situation is when the emergent person is brought into the
conversation through a broker; this connection tends to be more tenuous and there
were a few messages where Ship team members were sending point-of-contact infor-
mation for teams such as Plus. The takeaway is that certain types of emergent
people—the ones that are outside of the immediate team—are surprising
and are possibly important to acknowledge to avoid delays.

The presence of emergent people, as well as support roles, highlights a need for
time-sensitive technical relationships. If an emergent person is important, then
that person’s connection to the technical entity should be identified so the technical
relationships network can be updated. However, not all team members necessarily
need to be included at all times. An obvious example is when an environment co-
ordinator needs to execute a script for a tester only after testing is completed. He
can execute it only after the development team has implemented the changes, and
the test team has written up the test scripts. A technical relationships network that
adjusts to the current process would be valuable.
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Chapter 6

Applying the Socio-technical
Congruence Model to Study
Socio-technical Congruence and its
Effect on Team Performance

In this chapter, I applied the socio-technical congruence model developed in Chapter 3
to examine the relationship between socio-technical congruence and the performance
of a global software team called IBM Rational Team Concert (RTC). I used this oppor-
tunity to apply the gap size measurement from Section 3.6.2. There are only a handful
of existing studies about socio-technical congruence [50, 48, 84, 101]. While each of
these studies thus far highlighted that good congruence is beneficial to a project, no
studies exist that examine in depth the relationship between socio-technical coordina-
tion and the performance of a team executing a coordination-intensive activity such
as a software build.

Objective 4: To apply the socio-technical congruence model
to determine the relationship between socio-technical congru-
ence and the performance of a global software-development team
working on coordination-intensive activities.

This study identified that there is a significant relationship between socio-technical
congruence and team performance. However, this effect was an interaction effect,
meaning that the effect depended on the context in which the study is performed.
The gap size and the weighted congruence measurements were also identified as useful
conceptualizations by identifying that there are high gap sizes in successful builds,
but low gap sizes in failed builds.

The remainder of this chapter describes the empirical study of RTC in detail,
including the conceptualizations of socio-technical congruence as well as the empirical
findings.
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6.1 Research Questions

Research Question 4.1: Does socio-technical congruence have an effect on
build success probability?

I conceptualized a coordination-intensive activity as a software build because a build
incorporates multiple technical artifacts written by team members. I conceptualized
“the performance of a team” as the probability that a software build succeeds. A build
result, which can be error or OK, indicates the relative health of the project up to
that build. If a regularly-scheduled build succeeds, the team was able to coordinate
up until that point. If the build fails, there was a potential problem in coordination.
Studying the relationship between socio-technical congruence and the performance
of a distributed development team working on a coordination-intensive activity tests
the applicability of socio-technical congruence, as well as its limitations.

Previous work in socio-technical congruence [50, 48] has established a prece-
dent that increased socio-technical congruence correlates with increased performance
within software teams. Thus, in the RTC project team, I hypothesized the following:

Hypothesis 4.1: Increasing socio-technical congruence correlates to in-
creased team performance.

Research Question 4.2: Does gap size have an effect on build success prob-
ability?

Socio-technical congruence has limitations, such as the lack of gap priority, that were
discussed in Section 3.3. To address these limitations, I developed an improvement
to the existing socio-technical congruence calculation by adding weighted congruence
and gap sizes, as described in Section 3.6.2. The improvement consisted of three
steps. First, I formalized a technique to identify the location of gaps. Second, I
defined a technique to weigh the relationships between dependencies and people in
the socio-technical congruence formulas. Third, I devised a technique to measure the
size of a gap between two people who are technically dependent. Thus, in addition to
examining empirically the effects of socio-technical congruence, I examined whether
the amount of coordination that occurs between two people should be proportional
to the number of dependencies they have.

I applied the gap size measurement to the RTC project. A gap in socio-technical
congruence suggests that there is a lack of coordination where coordination should
be occurring, and thus could be considered as a negative influence. Ehrlich et al. [84]
also found that increased numbers of gaps led to increased code check-in incidents.
Following this logic, a large gap size would be considered less desirable than a small
gap size or no gap at all. I hypothesized the following.

Hypothesis 4.2: Decreasing the gap size correlates to increased
team performance.
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6.2 Research Methodology

I conducted an empirical investigation of the IBM R© Rational Team Concert R© (RTC)
software product. To measure socio-technical congruence I applied two different mea-
sures: a previously-published congruence approach [50], and a weighted congruence
approach that provides details about the size of a gap between two individuals [139].
I also examined RTC’s processes and tools to identify any explanations of the rela-
tionship between congruence and builds that I find.

6.2.1 The IBM R© Rational Team Concert R© Project

RTC is a collaborative software development tool built on the Jazz
TM

architecture. It
incorporates the integrated development environment, the source-code control system,
the issue-tracking system, and collaborative development tools. The team writes both
the client software and the server software. The RTC team self-hosts, meaning that
the team uses its own software to develop subsequent versions.

The following qualities made RTC an attractive case in which to study socio-
technical coordination:

1. The distributed team. Because distribution makes coordinating work diffi-
cult [118, 111], RTC is supposed to enhance communication among project
members by providing collaborative facilities [95]. Developers explicitly record
communication across sites using the product.

2. The use of an advanced electronic collaboration tool. The RTC developers use
their own product to develop new versions. Consequently, the RTC client itself
is a socio-technical environment.

3. The iterative process. RTC’s iterative process encourages developers to “build
early and often”. This provides a large number of “checkpoints” against which
we can evaluate the team’s performance.

4. The rich data repository. RTC saves a large amount of information, including
the links between work items, builds, source code, and comments.

Because the RTC team uses the Rational Team Concert software, it is a socio-
technical environment that incorporates social influences as well as technical ones.
The environment in which they work provides notifications about their own activities,
as well as the activities of others. RTC incorporates a developer-centred “dashboard”
that reports on units of work called work items. As a part of this reporting, a user
knows what he is currently assigned, the status of these work items, and changes
made to these work items. The user also receives updates to work items that may be
related to his current work, as well as work items that he has specifically set to watch.
Figure 6.1 shows a portion of “Team Central”, the developer-centred dashboard.
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Figure 6.1: RTC Team Central Showing a Developer’s Personal Events and Team
Events
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Organization of RTC Project

At the time of my study, the RTC development team was distributed over 16 different
sites located in the United States, Canada, and Europe. Seven sites were active in
RTC development and testing. There were 151 active contributors at these locations.
Each team, which was not necessarily confined to one geographical location, was
responsible for developing a component of RTC. The team sizes ranged from 1 to 20
and had an average of 5.7 members. The number of developers per geographical site
ranged from 7 to 24 and was 14.8 on average.

Software-Engineering Practices

The project used the Eclipse Way development process [95]. The process defines
six-week iteration cycles, which are separated into planning, development and stabi-
lization activities. A project management committee formulates the goals and fea-
tures for each release at the beginning of the each iteration, and work items represent
assignable and traceable tasks for each team. RTC’s process encourages frequent
building, including continuous, nightly, weekly, and integration builds.

One unique aspect of RTC is its “open-commercial” development model. RTC is
a commercial product developed by IBM, but has a publicly-accessible issue-tracking
and reports system. This open-commercial model allows a large amount of informa-
tion to flow into the team from the community.

Individuals communicated through issue-tracking comments, instant messaging,
Internet Relay Chat, by phone, and face-to-face. Personal email was discouraged.
The team used a mailing list to deliver announcements, such as server maintenance
schedules. The team recommended that discussions that did not occur in public
channels should be summarized as work item comments so that remote team members
are able to track decisions and rationales.

6.2.2 Data Description and Collection

In collaboration with IBM, I acquired a copy of the RTC repository containing data
over a one year period. This period of time covered twelve “milestones”, varying from
1 week to 4 weeks long, during which the RTC team achieved a number of objectives.
The end of the data set coincided with a major milestone in which RTC was to be
released for open beta testing.

In addition to quantitative data, I obtained contextual information about the
development team through interviews. I also investigated work items, comments,
and reports available on the jazz.net web site.

The repository I collected from IBM contains build information, work items, com-
ments, change sets, and anonymised author information. I describe the data in more
detail below.

Work item. A work item is a description of a unit of work to be done. A work item
can be assigned a type of task, enhancement, or defect. I extracted 2008 unique
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Figure 6.2: Relationship among Builds, Change Sets, Files, and Work Items

work items that were relevant to my study. The same work item may be involved
in multiple builds; a total of 9218 non-unique work items were associated with
a build across the data set. As my conceptualization focuses on the per-build
level, I must consider these non-unique work items.

Build. A build is the process of compiling the software to create a working program.
A build outcome can be an error, which indicates that there was either a com-
pilation error or a test suite error, OK, which indicates no errors, and Warning,
which indicates that there were warnings returned by the compiler or the test
suites.

A build contains the work from one or more work items (Figure 6.2.2), and these
work items are not necessarily unique from build to build. The RTC repository
does not keep a full record of every build over time, which means that I have
more data points for the two most recent milestones compared to earlier in the
project.

The RTC repository contained 533 builds, but I considered only builds that
contain technical relationships, therefore dropping the number of builds to 214.
I removed 17 builds whose result is Warning because the way that the RTC
team treats its Warning builds is dependent on the build. Finally, I removed
7 builds whose types could not be identified. The resulting data set contained
191 builds.

There are three types of builds that I investigated in this study: continuous
builds, nightly builds, and integration builds. Continuous builds, which were run
regularly by a user, incorporated changes from the local development site, plus
known stable components from remote sites. Nightly builds also incorporated
changes from the local site and stable components from remote sites approx-
imately once a day. Integration builds integrated the latest components from
every development site. Integration builds were often expected to break due
to their large complexity, but errors in continuous and nightly builds were in-
dicative of potential coordination problems. The data contained 122 continuous
builds, 55 nightly builds, and 14 integration builds.
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Because I had a data set of builds over time, I included the date of a build as
a variable in my analysis. The build date was conceptualized as the number of
days after the first build in the data set.

Comment. A comment is written text authored by a developer that is about a
particular work item (Figure 6.7(b)). Comments are the primary method of
transferring information among developers in RTC. Multiple comments may be
attached to a single work item. The data subset contained 9323 comments.

Change set. A change set is a collection of code changes to a number of files (Figure
6.7(a)). When a developer updates the repository, all of the files that were
changed together are updated in a single change set. A change set is generated
by one author only, and is related to exactly one work item. A single work
item may contain multiple change sets, and the same change set may occur in
multiple builds. There were 3013 change sets in RTC. The number of change
sets per work item ranged from 1 to 246. Ninety-five percent of the work items
contained 15 or less change sets, and 42% of the work items contained only one
change set.

Source code file. A file contains source code and is included in change sets. Over
time, a file may be associated with multiple change sets.

Author. An author is someone who has contributed to RTC. In my conceptualiza-
tion, I specifically identify an author as meaning someone who has submitted
a change set containing modifications to files. Because each change set can be
attributed to one author, there are always at least as many change sets as there
are authors in a build.

I chose to use build success probability as my response variable for a number of
reasons.

First, I decided to use build success probability rather than defect resolution time,
which is the amount of time that a defect is open for. Defect resolution time is often
not indicative of the actual time that an issue is worked on, and thus is a coarse
estimate of the quality of the team. Just because a defect is opened does not mean
that a developer is actually working on it. As a case in point, a small number of
open issues in the RTC project have been in the repository for over two years, and
are simply viewed as not important enough to be addressed in light of more recent,
urgent issues. In addition, a defect is often meant to be completed by a single person
rather than by a team, suggesting that defect resolution time may be a better indicator
of individual performance rather than team performance.

Second, the nature of the RTC project, given its frequent branching and merging
capability, allows developers to commit code changes frequently. As such, I do not
feel that code changes are an accurate performance measurement that evaluates the
team’s effectiveness. One perspective may see code changes are good—the developers
are committing code frequently and are productive!—but alternately the viewpoint
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may be that frequent code changes are bad—the developers are checking in a lot of
mistakes and are having to fix them. A more objective measurement is needed.

Thus, build success, in the context of RTC, is a stronger measurement of team
performance up until that point in time than defect repair time or code changes.
A build usually requires multiple contributors that commit multiple code changes.
I also confirmed with an RTC manager of the importance of successful builds—he
said, “Build quality is almost code quality”. Because there were multiple builds over
time in this project, I was able to compile the builds and discover the contribution of
congruence to the probability of success.

Distribution of Build Data

Each build involved a number of file authors, change sets, work items, and files. The
same author, file, and work item may be involved across multiple builds. I plotted
the histograms for each of these entities in Figures 6.3(a), 6.3(b), 6.3(c), and 6.3(d).
Most of these distributions, especially the files, were skewed toward the left1.
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Figure 6.3: Distribution of Authors, Change Sets, Work Items, and Files per Build

I plotted the progression of builds over time for unweighted congruence (Fig-
ure 6.4) and weighted congruence (Figure 6.5). The data indicated that builds were

1This heavily left-skewed distribution is consistent with findings by Zeltyn, et al. [228]
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Figure 6.4: Unweighted Congruence Over Time
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Figure 6.5: Weighted Congruence Over Time
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more frequent in the later phases of the project. This is expected, as the release
iterations became smaller as the project matured.

6.2.3 Analysis Method

I used the unweighted congruence measure and weighted congruence measure pre-
sented in Section 3.6.1 for my analysis. I explain how I conceptualized congruence in
this section.

The socio-technical congruence template appears in Figure 6.6. This section fol-
lows the template’s layout, explaining each relationship.

The template revealed that a number of assumptions had to be made in this
project. For example, I assumed that developers coordinate predominantly through
work items, and the change of a same file within different work items necessitated
communication. A work item is attached to one or more change sets, but because not
all work items are necessarily dependent on each other, it is likely that the commu-
nication that occurs in this project with this conceptualization is underestimated.

Conceptualizing Technical Relationships

I decided to construct dependencies based on a variation of the files-changed together
heuristic because a “files-changed together” heuristic was more reflective of the RTC
team’s work. Their work was constructed heavily around work items and change sets,
and thus it made sense to use a logical approach based on change sets.

I presumed that a technical relationship between two individuals exists if, min-
imally, these two individuals change the same file within the same build. In RTC,
since only one author can be associated with each file check-in, two change sets are
involved in the mapping of a technical relationship, one associated with each file au-
thor. These two individuals should communicate with each other to ensure that the
appropriate file dependencies are properly handled before the software is built (Figure
6.7(a)).

I generated the technical relationships matrix as follows.

1. For each build, I identified every change set included in the build.
Every change set between the previous build and the current build is considered
a part of the current build.

2. I determined authorship for each file to generate the assignment ma-
trix A. Since each change set had only one author, the author was assigned to
every file in that change set. If an author modified the same file in a different
change set, then I added an additional edge for each change set in which the
author changed that file.

3. I determined the file dependencies in a build to generate the depen-
dency matrix D. I iterated through every change set in the build. Each file
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was dependent on every other file within a change set. For example, if there
were two change sets C1 and C2 in Build 1, with C1 containing files A, B, and
C, and C2 containing files A, D, and E, the resulting dependency matrix D
would correspond to Figure 6.7(a). In weighted congruence, I added one addi-
tional edge for each file pair that existed in each additional change set in that
build. Thus, in a Build 2 with change sets C3={A, B, C} and C4={A, B}, the
dependency matrix entries in D would be DAB = 2, DAC = 1, and DBC = 1.

4. I calculated the technical relationships as per the technical relation-
ships formula (Section 3.6.1, Formula 3.1) The diagonals were ignored.
When applying weighted congruence, I normalized the technical relationships
matrix by taking the highest-ranked edge and dividing every entry in the matrix
by that value. This converted each edge to a value between 0 and 1, indicat-
ing the relative rank of a technical relationship between two individuals in the
matrix.

I used this conceptualization because of the explicit relationships between change
sets, builds, and authors in RTC. In previous “files-changed-together” approaches,
multiple files checked in together were associated with multiple authors, whereas in
RTC, a change set is authored by one author only. My conceptualization of technical
relationships represented a situation in which two individuals work on a file that were
in two different change sets, but were within the same build. Though the file-level
changes may not have necessarily been to the same lines of code, I presumed that
multiple changes within a single file were sensitive enough such that each developer
working on that file benefitted by being informed of each change within a build’s time
period.
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Conceptualizing Social Relationships

I conceptualized social relationship as communication through comments in the RTC
environment. I treated those who commented on a work item as a group of commu-
nicators, and assigned weights when individuals commented on multiple work items
that others also commented on (Figure 6.7(b)).

Though the RTC commenting system allowed users to post multiple posts to the
same work item, I did not count multiple posts in a single work item as weighted
communication. Since a work item comment could be read by anyone with access to
the work item repository, and there is no threading in the work item comments, I
could not assume that there is point-to-point communication from one person directly
to another. In addition, comment communication within the same work item did not
correspond to weighted technical dependencies that crossed different change sets.

I calculated the social relationship matrix as follows.

1. I identified the comments from the work items involved in a build.
Each build contained a number of change sets, and each change set had an
associated work item with comments. For each work item, I included every
comment that was posted after the previous build, but before the current build
started.

2. For each person who commented on a work item, I added a communi-
cation edge to every other person who commented on the same work
item. In weighted congruence, I added one additional communication edge for
each additional work item in which two individuals comment. I did not count
weights for multiple comments in a single work item for the reasons discussed
above. Thus, if work item W1 contained commenters A, B, C and W2 contains
B, C, D, the resulting entries in the social relationship matrix SR would be
SRAB = 1, SRBC = 2, SRCD = 1, SRAC = 1, and SRCD = 1.

3. When applying weighted congruence, I normalized the communica-
tion network by taking the highest-ranked edge and dividing every
edge in the network by that value. This converted each edge to a value
between 0 and 1, indicating the relative rank of comment-based communication
between two individuals in the network.

This conceptualization of weighted communication represented the number of peo-
ple who post a comment to the same work item.

I considered incorporating the RTC development mailing list into communica-
tion, but inspection of the mailing list revealed that the developers did not talk
about technical issues and that the development list was primarily used for general
announcements.

Unfortunately, due to the distribution of the 151 developers in the RTC team, as
well as the one-year time period across which my study is conducted, I was unable to
collect communication data such as instant messenger or face-to-face communication
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that I could associate to individual builds. My concern with this missing data led
us to inquire about the use of other forms of media among the team. I learned
that although unofficial communication does happen between developers, the RTC
team culture requires that the content of unrecorded and private communications be
recreated as work item comments for consumption by remote project participants. I
still expected that socio-technical congruence will be lower than I might expect from
such a team as a consequence.

Conceptualizing Gap Size

The gap size in RTC represents a distance between the technical relationships and
social relationship. Since the two measurements were not directly comparable to each
other, I normalized both measures to identify a relative “rank” of technical relation-
ships and social relationship. For example, if there is a technical relationship in a
build that has many dependencies, intuitively I would want a larger amount of com-
munication around that build rather than on a build with few technical relationships.
The gap size calculation identifies this mismatch.

I used the weighted congruence measure to compute the gap size. For each build,
I calculated the gap size between each pair with a technical relationship using the
lack-of-coordination matrix explained in Section 3.6.3. Because of the normalization,
each gap size is a value from 1 to −1, where 1 is a large gap with little or no com-
munication, 0 is full congruence, and −1 is a gap where there is more communication
than necessary to fulfill the technical relationship. I take the mean of these gap sizes
and use this as a variable in a logistic regression model. I also consider an alternative
calculation of gap size where I do not punish extra communication and set all values
of gap size less than 0 to 0.

Statistical Analysis Methods

To answer Research Question 4.1, I conceptualized congruence as described in Section
6.2.3 and test Hypothesis 4.1 by using logistic regression.

Logistic regression is ideal to test the relationship between multiple variables and
a binary outcome, which in this study is a build result being either “OK” or “Error”.
The presence of many data entities in this project means that I must consider con-
founding variables in addition to the socio-technical congruence when determining
its effects on the probability of build success. Informally, logistic regression identifies
the amount of “influence” that a variable has in the probability that a build will be
successful.

I show the relationship between a variable and the build success probability by
plotting the y-axis as the probability. I use probability because it is more intuitive
than odds ratios or logistic functions. If there is a relationship between a variable and
the probability of build success, then as the variable’s value increases, the probability
also increases. In the probability figures, the solid line is the expected value, and the
dashed lines indicate the 95% confidence intervals.
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Figure 6.8: Distribution of Unweighted Congruence Values

I ran two different logistic regression models: one using weighted congruence, and
one using unweighted congruence. I included the following variables: number of files
per build, number of authors contributing to the build, number of files in the build,
number of work items per build, the congruence, the build type, and the date of
the build. I centre and scale each numeric variable. Because I was concerned about
possible interactions affecting my results, I included first-order interaction effects
and used backward stepwise elimination to remove variables to keep AIC (Akaike’s
Information Criterion) low.

To answer Research Question 4.2, I calculated the gap size and include this as a
variable in the logistic regression model to study the effects on build success proba-
bility.

I used R [2] and the Design package [1] for logistic regression analysis.

6.3 Results

In the RTC repository, I analyzed 191 builds; of these builds, 60 were error builds,
and 131 were OK builds. Table 6.1 displays summary statistics per build. The table
displays the number of authors, files, change sets, and work items per build, the
build date range (on average), and the calculated unweighted congruence, weighted
congruence, and gap size. Figure 6.8 displays histograms for unweighted congruence,
and Figure 6.9 shows histograms for weighted congruence. The histograms compare
the frequencies for each type of congruence for all builds, the OK builds, and the error
builds only. There were some minor differences between unweighted and weighted
congruence values; weighted congruence, for instance, largely reduced the number of
“fully” congruent situations where congruence is 1.

The congruence values were low on average. The unweighted congruence had a
mean value of 0.331, and the weighted measure had a mean value of 0.196, meaning
that about one-third and one-fifth of the technical relationships were satisfied by
social relationship, respectively. Over 75% of the builds had a weighted congruence
value of less than 0.25.
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Figure 6.9: Distribution of Weighted Congruence Values

Min Median Max Mean
Authors 2 17 44 18.62
Files 5 131 3101 342.3
Change Sets 4 34 226 54.2
Work items 4 34 182 48.3
Build date range (days) 0 345 361 319.2
Unweighted cong. 0 0.21 1 0.331
Weighted cong. 0 0.15 1 0.196
Gap size -0.083 0.190 1.00 0.317

Table 6.1: Summary Statistics

I calculated pairwise correlations between the variables weighted congruence, un-
weighted congruence, number of authors, number of files, number of change sets,
number of work items, and build date (Table 6.2). A high positive number means
that the variables are heavily correlated—that is, an increase in one variable’s value
also increases the other. Similarly, a low negative number means that the variables
are negatively correlated. There was a strong correlation between weighted and un-
weighted congruence, which was expected; a strong correlation between change sets
and authors; and a weak correlation between authors and files. To avoid multi-
collinearity problems in the data, I chose to remove change sets from the logistic
regression analysis because, due to the enforced processes in RTC, I knew that there
was exactly one author per change set, and thus there were at least as many change
sets as authors per build. Note that weighted congruence and unweighted congru-
ence do not appear in the same model and are thus not subject to multicollinearity
problems.

To assess the fit of the logistic regression models, I used the Nagelkerke pseudo-R2

and AIC. R2 shows the proportion of variability explained by the model, and AIC is a
measure of how well the model fits the data. Ideally, R2 is high and AIC is low. The
current model contains 19 variables and has an R2 of 0.581 and 0.548 for unweighted
and weighted congruence models respectively. I compared the model in Table 6.3 to
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2. 3. 4. 5. 6. 7.
1. Weighted 0.77 -0.22 -0.14 -0.12 0.05 0.02
2. Unweighted – -0.27 -0.22 -0.33 0.08 0.19
3. Authors – 0.41 0.76 0.10 -0.30
4. Files – 0.37 0.08 -0.20
5. Change sets – 0.02 -0.38
6. Work items – 0.04
7. Build date –

Table 6.2: Pairwise Correlation of Variables per Build

Unweighted Weighted
Model Variables AIC R2 AIC R2

Every interaction 27 188.6 0.595 196.7 0.559
Main effects only 7 213.2 0.269 214.2 0.263
Every interaction, no congruence 15 190.1 0.479 190.1 0.479
Our model 19 175.8 0.581 183.4 0.548

Table 6.3: Model Comparison

a model containing every first-order interaction effect with 27 variables, a model that
contains the 7 main effects only, and a model with the interaction terms, but without
the congruence variable (Table 6.5). I found that 19 variables is optimal and that
removing further variables lowered the R2 value while raising the AIC.

I observed also that the unweighted congruence model and the weighted congru-
ence model are very similar, with a difference in Nagelkerke R2 of only 0.030.
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6.3.1 Effects of Congruence on Build Result

To answer Research Question 4.1, I performed a logistic regression analysis between
the variables of the builds and the build outcome (Table 6.4).

The result of logistic regression indicated that the following effects were significant
for both unweighted and weighted congruence models: The congruence × build type
effect, the congruence× build date interaction effect, the number of work items× build
date interaction effect, and the build date × build type effect. In addition, the num-
ber of authors and the number of files were significant main effects, although their
coefficients were lower than the interaction effects involving congruence. I also identi-
fied unweighted congruence as a significant main effect in the unweighted congruence
model. Because both unweighted congruence and weighted congruence are identi-
fied as significant when interactions are considered, Hypothesis 4.1 which stated “in-
creasing socio-technical congruence correlates to increased team performance” holds.
However, because of the presence of interaction effects, it must be noted that this
hypothesis holds only under certain contexts.

In the next section I discuss the main effects and interactions effects that involve
congruence affecting build probability. I discuss the effects of the non-congruence
effects, including the authors, files, work items × date interaction effect and the
date × nightly build effect in Section 6.3.3.

Effects of interactions involving congruence

The type × congruence interaction effect, the date × congruence interaction, and the
type × date effect were each significant in the model (Table 6.4). I plotted in Figures
6.10 and 6.11 the effects of weighted congruence vs. probability of build success at
the 10% date quantile (2008-01-25), at the 25% date quantile (2008-05-14), the 50%
date quantile (2008-06-07), and the latest build (2008-06-26).

For continuous builds in weighted congruence (Figures 6.11, in grey), an increase
in congruence correlated to build success probability. The build date as the project
ages appeared to decrease the probability of build success for high-congruence builds
more than low-congruence builds (Figure 6.11(d)). Note that, in the unweighted
congruence model (Table 6.4), the effect of unweighted congruence on continuous
builds was significant, and that increasing congruence also increased the probability
that a continuous build succeeds. However, the effect of weighted congruence in
continuous builds is not as large as in unweighted congruence, nor is it considered
statistically significant.

For integration builds (Figures 6.11, in black), an increase in congruence decreased
build success, with the exception of the 2008-01-25 build (Figure 6.11(a)). In in the
2008-01-25 build, low congruence led to low build probability, but high congruence
had high build probability. As the project aged, this trend reversed and congruence
was clearly inversely related with build success probability (Figure 6.11(d)).

The effect of congruence was totally opposite for continuous builds and integra-
tion builds in both unweighted and weighted congruence. Based on Figure 6.10(d),
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Figure 6.10: Estimated Probability of Build Success for Unweighted Congruence and
Continuous builds C or Integration builds I Over Time, Adjusted to Authors ≈ -0.156
(17 authors), Files ≈ -0.352 (131 files), Work Items ≈ -0.399 (34 work items)

increasing unweighted congruence significantly improved the continuous build suc-
cess rate. However, increasing both types of congruence significantly decreased the
integration build success rate.

6.3.2 Effect of Gap Size on Build Result

To answer Research Question 4.2, I fitted a logistic regression model to determine
the effect of the mean gap size on the build success probability. The mean gap size
appears in Table 6.1 and Figure 6.12.

I built logistic regression models based on the model in Table 6.4 using the gap
size measurement. I retain every significant interaction from the previous weighted
congruence logistic regression in Table 6.4 and report the odds ratio. I compared
two different models: Model G1 contains the gap size with weighted congruence as a
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Figure 6.11: Estimated Probability of Build Success for Weighted Congruence and
Continuous Builds C or Integration Builds I Over Time, Adjusted to Authors ≈
-0.156 (17 authors), Files ≈ -0.352 (131 files), Work Items ≈ -0.399 (34 work items)

variable, and Model G2 contains the gap size without weighted congruence. I do not
use unweighted congruence as it is not possible to calculate gap size with unweighted
congruence.

The effect of gap size on build result was significant in both models (Table 6.6).
This indicated that increasing the gap size significantly increased the odds that an
OK build would occur (Figure 6.13). This is the opposite of Hypothesis 4.2, which
stated, “Decreasing the gap size correlates to increased team performance”. This
suggests that if the gap size is large, the build success probability increases.
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Figure 6.13: Effect of Gap Size on Build Success Probability, Model G1.

6.3.3 Social and Technical Factors in RTC Affecting Build
Success and Congruence

In light of my results, I examined not only the number of work items × date signifi-
cant interaction found in Section 6.3.1, but different social and technical factors that
may have affected congruence and build success probability to find explanations for
the interactions between socio-technical congruence and build success probability in
RTC. Specifically, I examined the effect of build date on work items, coordination
around fully-congruent builds and incongruent builds, and the effects of commenting
behaviour on builds.

Other Effects on Build Success

Authors For both weighted and unweighted congruence, as the number of authors
involved in a build increased, the probability that the build succeeds decreased. The
build probability was significantly lowered after more than 15 authors were involved
in the build (Figure 6.14(a)). When over 30 authors were involved in the build, the
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Model G1 Model G2
Intercept 0.95 1.32

authors 0.43 0.60
files 0.63 0.63

workitems 0.75 0.85
build type=I 4.22 1.31

weighted cong 8.41 -
gapsize 7.71 8.71

builddate 1.81 0.59
authors * build date 0.40 0.74

workitems * build date 2.75 1.83
build type=I * build date 3.54 2.52

build type=I * weighted cong 0.01 -
weighted cong * build date 0.00 -

Table 6.6: Odds Ratio for Gapsize Models

estimated build success probability falls under 10%.
Files For both weighted and unweighted congruence, as the number of files in-

volved in a build increased, the probability that the build will succeed decreased
(Figure 6.14(b)).

Build Date and Work items The work items × date interaction was significant
in both weighted and unweighted congruence. Early in the project, as the number
of work items increased, the probability of build success decreased (Figure 6.15(a)).
As the project aged, this trend reversed and as the number of work items increased,
the probability of build success increased as well (Figure 6.15(b)). According to the
coefficients in Table 6.4, this effect on build success probability was not as strong as
the authors main effect or the files main effect.

Commenting Behaviour by Change Set Authors

As congruence expects those who contribute technical work to a project to also com-
municate changes, I decided to examine commenting behaviour of change set contrib-
utors. I examined whether a work item related to a change set had a corresponding
comment posted by the change set’s author. I also identified if the work item/change
set pair was involved in an OK build or an Error build. Note that a work item/change
set pair could occur in multiple builds. I considered only comments posted before the
build was started. These results are shown in Table 6.7. The build result rates did
not appear to be affected by whether the change set contributor commented: 43% of
the builds resulted in error when the contributor commented, and 41% of builds re-
sulted in error when the contributor did not comment. A χ2 test on this table did not
show a significant difference between the factors at the 0.05 threshold (χ2 = 3.217,
df = 1, p=0.073). Overall, in 76% of the change set/work item pairs, the change set
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-0.352 (131), W. Congruence ≈ 0.1446, Type=cont, Date=2008-06-26

Num. Work Items

P
ro

b.
 o

f B
ui

ld
 S

uc
ce

ss

0 40 80 120

0.
0

0.
4

0.
8

(a) 2008-01-25

Num. Work Items

P
ro

b.
 o

f B
ui

ld
 S

uc
ce

ss

0 40 80 120

0.
0

0.
4

0.
8

(b) 2008-06-26

Figure 6.15: Estimated Probability of Build Success for Work Items and Date,
Weighted Congruence. Adjusted to Authors ≈ -0.156 (17), Files ≈ -0.352 (131),
W. Congruence ≈ 0.1446, Type = cont

contributor also posted a comment in the associated work item.

Examining Extreme Congruence Values

I am interested in the differences between high-congruence builds and low-congruence
builds. I furthered this investigation by looking at builds that had extreme values
of congruence: zero, where absolutely no technical relationships were satisfied with
communication, and one, where every technical relationship was satisfied with com-
munication. I chose to investigate the extreme cases to see if there were differences
in the way people coordinated in fully-congruent builds, and in incongruent builds.
Table 6.8 shows the number of OK and error builds that occurred when congruence
was equal to one, and equal to zero. The weighted builds with full congruence were
a subset of the unweighted builds with full congruence.



143

Result

Change
sets w/o
comment
by con-
tributor

Change
sets w/
comment
by con-
tributor

Total

OK 1278 (14%) 3956 (43%) 5234 (57%)
ERR 908 (10%) 3076 (33%) 3984 (43%)
Total 2186 (24%) 7032 (76%) 9218 (100%)

Table 6.7: Number of Change Sets in which a Contributor Commented in the Corre-
sponding Work Item

Congruence
1 0

Unweighted
OK 26 30
ERR 2 2

Weighted
OK 6 30
ERR 1 2

Table 6.8: Number of Builds with Congruence Values 0 and 1

To determine if the presence of commenting affected the builds, I examined the
number of comments on work item–change set pairs in builds with extreme unweighted
congruence values. My results are shown in Table 6.9. Build success probabilities
improved with respect to builds that have no comments, though work items with no
comments were in the minority.

Of note was the high number of comments on work items that had zero congruence.
This indicated that individuals who had no technical relationship to the work item
were commenting on the work item.

Num. of Pairs Success rate
Congruence 1 0 1 0

No comments
OK 42 143

49% 69%
Error 43 64

Comments
OK 610 445

68% 69%
Error 290 199

Total
OK 652 588

66% 69%
Error 333 263

Table 6.9: Number of Work Items-Change Set Pairs with Comments and Build Suc-
cess Probabilities for Congruence 0 and 1

I manually inspected the work items with extreme amounts of congruence, reading
the comments for any topic differences in the content discussed. Unfortunately, there
were no obvious qualities between comments made in a build with a congruence of
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zero, and comments made in a build with a congruence of one. In both builds, in-
dividuals discussed technical implementation details, provided updates to colleagues,
or requested assistance from colleagues.

6.4 Discussion

The concepts illustrated in Conway’s Law, as well as previous empirical work on
socio-technical congruence lead us to expect that team members must coordinate
according to technical relationships suggested by technical dependencies in order to
build software effectively. In this empirical investigation, I applied socio-technical
congruence to study coordination and its relationship to team performance, which
was conceptualized by build success probability. I applied a modified weighted con-
gruence measurement to study also how the size of a coordination gap affects build
success probability, and investigated how social and technical factors in RTC affect
congruence and builds.

Overall, I found that the average congruence across builds was very low—only
20–30% of the technical relationships in the project were fulfilled with a social rela-
tionship. Even in the cases where there is zero congruence, the build result was an
OK build in over 90% of the observed cases.

Research Question 4.1: Does socio-technical congruence have an effect on
build success probability? I hypothesized that socio-technical congruence would
correlate with team performance, conceptualized as build success probability. I found
in this study that there was an interaction effect involving congruence and build
type on build success probabilities (Section 6.3.1), suggesting that there is an effect
but only in certain contexts. For continuous builds, increasing congruence improved
the chance of build success in continuous builds and can actually decrease build
success probability in integration builds (Figures 6.11). High unweighted congruence
significantly improved continuous build success probability, and both unweighted and
weighted congruence significantly reduced integration build success probability.

Research Question 4.2: Does gap size have an effect on build success prob-
ability? The gap size is a representation of whether enough coordination occurred
to fulfill multiple technical relationships. If two developers have multiple dependencies
on each other, one would expect them to coordinate more often as well. I hypothe-
sized that a small mean gap size would increase the probability of successful builds
and that a large mean gap size would decrease the probability of a successful build.
Instead, I found that as the mean gap size increases, the build success probability
also increases (Figure 6.13).

Below I discuss the reasons for these observed results based on my knowledge of
RTC.
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6.4.1 Project Context and Socio-technical Coordination

The project context affected my socio-technical congruence measurement conceptu-
alizations.

The overall congruence for the majority of builds was low: over 75% of builds
had a congruence of less than 0.25 (Section 6.3.1). Despite low congruence, the RTC
team was able to successfully build its software in many situations. The fact that
the change set author commented on a work item related to the change set does not
appear to affect build results either (Section 6.3.3), suggesting that changes did not
need to be explicitly communicated for every build.

When I examined extreme congruence values, I observed 85% build success proba-
bility when weighted congruence is 1 and 93% build success when weighted congruence
is 0 (Section 6.3.3). If socio-technical congruence is a measure of coordination quality
in software, and builds rely on coordination quality to be successful, then there must
be reasons why builds can succeed even when the congruence is zero.

First, because RTC is a highly-distributed project, the product under development
used a modular design [145] and thus is affected less by dependencies. Second, team
members in RTC did not conduct all of their coordination through explicit commu-
nication even though work item inspection and discussion with developers indicated
that the RTC corporate culture focused on the work item as their base for commu-
nication. Rather, they used the shared workspace that incorporates cues from the
environment and from peers in order to address technical issues. Both of these effects
may contribute to congruence being lower than expected.

RTC Supports Explicit Communication

The RTC team members used the RTC environment extensively to communicate with
each other. I was informed that RTC team members rarely use private email, and my
inspection of the mailing list reveals that its primary purpose is for announcements
such as server outages rather than for discussing technical work.

This left the RTC work item comment system and instant messaging as methods
for communication, as well as the phone and internal face-to-face meetings. I learned
that while face-to-face interaction is efficient for solving local issues, it did not benefit
remote teams, and the RTC team as a whole encouraged every team member to
record face-to-face discussions as comments for the purpose of archiving and sharing
information.

However, explicit coordination had a cost. There was evidence that involving too
many authors in the same build also reduced the build success when using a weighted
congruence conceptualization (Figure 6.14(a)); the effect for unweighted congruence
is similar. The overhead required to coordinate many people may interfere with the
ability of the team to build the project successfully, suggesting that there was a limit
before a developer is overloaded with information.
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RTC is a Shared Workspace

The RTC client software helped a developer acquire and maintain environmental
awareness of what was going on in the project by providing access to a shared
workspace. Much of the work was centred around the RTC technical entities, which
include plans, source code, work items, and comments. RTC’s awareness mechanisms
featured a developer-centred dashboard that reports changes to the workspace, built-
in traceability, user notifications, regularly-generated reports, and an optional web
browser interface. For example, when a change set is created, it is attached to a
work item, thus ensuring that people who are involved with the work item receive
notification of this change set. These automatic notifications cut down the amount
of explicit communication and allow people to coordinate implicitly.

Coordinating using the workspace is well-known in the computer-supported coop-
erative work domain [192]. Open-source developers, in particular, coordinate around
source code [34] and mailing lists [103, 159] because there is little opportunity for face-
to-face interaction. RTC shares many characteristics with open-source development,
such as a distributed team and a transparent development process.

In light of these results, I believe that, using my conceptualization, the RTC team
required a congruence of only 0.2–0.3 for their tasks to be completed. Much of the need
for explicit, point-to-point communication was mitigated by implicit communication
and the use of the workspace to coordinate. I expect that the remaining congruence is
covered through the RTC workspace, and through face-to-face communication, instant
messenger, and phone communication. It is also a possibility that software builds
required less coordination than conceptualized in the study. Though my congruence
value appeared low for the RTC team, the coordination in reality may be higher.
Future studies should keep in mind that congruence may be lower than expected
because of conceptualizations that cannot include every type of coordination in a
project.

6.4.2 Coordination and Geographic Distribution

As RTC is a distributed team, geographic distribution had an effect on team perfor-
mance, though the RTC environment helps mitigate some of these effects [166].

I learned from the RTC project that continuous and nightly builds should involve
mainly a co-located team, and that integration builds involve multiple components
from RTC teams in different locations. My results suggested that congruence best
benefits builds that occurred within the same logical team. However, the design of my
study does not allow me to draw a firm conclusion about the influence of co-location
and congruence on build success probability.

It appears that involving too many individuals when coordinating the activities
of various teams may harm build success due to information overload [69], especially
when the team members are distributed. To negate this effect, development leaders
and build managers that have an overall view of the project are suited to coordinate
teams to ensure build success [118].
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6.4.3 Communication Between Individuals Occurs When Prob-
lems Arise

My results indicated that even when congruence gaps are bridged, there is a high
probability that a build still fails.

I have observed that, due to awareness through RTC, the RTC team was able to
react to situations with multiple technical dependencies by communicating quickly,
a trait that has been previously observed among open-source developers [159]. Con-
tributors were likely to comment on their own change sets (Section 6.3.3).

The RTC team was aware of builds that require high coordination, and are able to
address the situation by coordinating with comments. If a work item was particularly
complex during development, a developer would post comments on a work item re-
questing expertise and informing others about unanticipated problems. This amount
of written communication may not have occurred in an OK build simply because the
level of coordination was not necessary; in essence, not every technical dependency
requires explicit coordination to bridge that gap. There was also the possibility that
developers coordinated on difficult builds using methods that are not captured by my
conceptualizations such as phone or face-to-face. An error build may have been com-
plex, requiring extensive coordination among developers and therefore shrinking gap
sizes in error builds. More study of how developers coordinate under “problematic
situations” is warranted.

6.4.4 Project Maturity and Build Success

I found that early builds exhibited a different type of relationship between congruence
and build success probability than later builds (Section 6.3.1). Over the course of the
study, I observed 13 internal milestones; the last milestone in the observed builds was
a public beta release for end users.

Build success probability decreased significantly over time for continuous builds
and stayed roughly the same for integration builds (Figures 6.11). However, the
early builds in the project behaved contrary to later builds in the project (Figure
6.11(a) and 6.11(a)). The RTC software early in its lifetime was in a state of change.
Integration builds were not a priority, and features were being added to the project.
This means that dependencies, as well as the expertise among team members were
both changing rapidly, making it difficult to solidify technical relationships.

In addition to interactions between congruence and type, and congruence and
date, I observed a significant interaction effect between build date and work items. I
found that early in the project (Figure 6.15(a)), builds with large numbers of work
items have a high probability of failing, but late in the project (Figure 6.15(b)), these
builds succeeded. Because the latest release was focused on a public release, a build
linked to numerous work items may indicate that a bug is highly problematic or a
feature is highly desired, and therefore received more attention. This is similar to
the effect discussed with gap size (Section 6.4.3), where an error build required more
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coordination from involved developers.

6.4.5 Threats to Validity

Socio-technical congruence can be difficult to compare between studies. Conceptual-
izations, such as technical dependencies and social relationship, vary from project to
project. Some project-specific conceptualizations I used are the build as a measure
of success, the fact that only files that are touched by more than one individual qual-
ified as having dependencies on each other, and the work item comments connecting
people in a clique. Because of the context-sensitive nature of socio-technical congru-
ence, especially with respect to the construction of communication and dependencies,
it is difficult to apply socio-technical congruence as a benchmark for coordination.
Having an understanding of the context of the project is extremely important when
interpreting results obtained from socio-technical congruence calculations.

The technical relationships were likely overestimated due to the modular nature of
RTC. As I was studying a distributed project that follows a transparent development
process, RTC used a modular design [145] and a change in a file in a change set
may not necessarily be dependent on other changes within the same file. I observed
evidence in my study that the dependencies among change sets as well as the attached
work items may not be as strong as I have originally believed.

The conceptualization of social relationship underestimated the amount of com-
munication that truly occurs in the project. I relied on repository data in RTC
and were unable to conceptualize forms of communication such as instant messenger,
phone calls, and face-to-face interactions. Due to geographical distance and time
zone differences, the RTC team’s primary mode of collaboration was the work item
comment system, but I made a number of assumptions about commenting behaviour.

First, I assumed that everyone involved in the work item reads every comment.
Second, I did not take into consideration any additional coordination that may occur
from a silent onlooker reading the comments. I believe intuitively that the first effect
is greater than the second. This may help explain part of the effect of the unintuitive
gap size result; rather than the gap being actually large in reality, it is large in my
conceptualization because social relationship outside of commenting is not recorded.

Another threat to validity is that the data does not cover every build executed
in the lifetime of RTC. RTC did not keep a full archive of build results, and as a
consequence, I did not have a full population from which to draw data from. The
threats are particularly high for early data points. The large confidence intervals in
some of the builds, namely nightly builds, reflect this lack of data, thus I hesitate to
draw conclusions based on early builds and nightly builds.

Finally, this study is a single empirical investigation and the results are not gener-
alizable, nor can they be directly compared to existing studies due to the differences
in the projects under examination. However, I believe that this study advances the
theoretical and the empirical examination of socio-technical congruence.
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6.5 Modifications to the Socio-technical Congru-

ence Model

In addition to answering Objective 4, applying the socio-technical congruence mea-
surement to RTC has inspired a number of requirements for the socio-technical con-
gruence framework. I highlight the contributions from the RTC study to the model
in Figure 6.16.
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Figure 6.16: Elements From the Socio-technical Congruence Study that Contribute
to the Socio-technical Congruence Model

This study has shown that high socio-technical congruence does not always lead
to good outcomes, and that congruence depends highly on the nature of the activity.
This study in particular revealed that congruence led to better probability of success
for continuous builds, but not for integration builds. There are fewer integration
builds than continuous builds, which suggests that high congruence can lead to im-
proved outcomes for some activities, but suggests that there is an upper limit to the
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amount of coordination that can occur. The context and the type of the activity may
determine the effect of socio-technical congruence on the outcome.

The choice of technical entity and technical dependency is extremely important
when applying socio-technical congruence. The social relationship that is being
collected must match the technical relationship that is derived based on the
technical dependencies. One reason why the congruence was low in this study was
because the developers did not feel the need to bridge every technical relationship
with work item comments—rather, the use of awareness mechanisms through the
RTC environment and through source code was sufficient. Thus, it would not be a
good idea to recommend that the RTC team achieve full congruence, at least not
using the conceptualizations of socio-technical congruence presented in this study.

Because of the use of both awareness through the integrated development en-
vironment, and work item comments, this study highlights the need to represent
multiple variables in socio-technical congruence. In the RTC empirical investi-
gation, I represented communication through work item comments, but there was
evidence that awareness through the RTC environment was influential. Being able
to model awareness relationships in addition to comment relationships, while keeping
the data separate, would allow flexible calculations to determine if communication, or
awareness, was more able to satisfy the files-changed-together technical relationships
in RTC. A general model of this in a socio-technical congruence model is necessary.
Many contextual factors, such as the support provided by RTC for explicit com-
munication, the automatic notifications sent to team members, and the maturity of
the project and its team members, affect software engineering outcomes, and these
multiple factors must be taken into account in conceptualizations of socio-technical
coordination.

6.5.1 The Use of the Weighted Congruence Measure

I presented a weighted congruence measure which provides measurements such as
gap sizes and relationship strengths that were not available by using unweighted
congruence. Although the weighted congruence measure yielded similar results to the
unweighted congruence measure, the weighted congruence model appeared to lower
the threshold of congruence by smoothing out the index values into a more balanced
distribution compared to unweighted congruence (compare Figures 6.8(a) and 6.9(a)).
This led to the unweighted congruence model having a significant main effect on
continuous build success, whereas the weighted congruence model did not have such an
effect. This shows that weighted congruence is a more conservative measure
than unweighted congruence. Depending on the objective of the analysis, the
unweighted congruence may represent an upper range of potential congruence in a
project, whereas the weighted congruence tends to be less likely to report perfect
congruence and may represent an average scenario.

Consequently, the unweighted congruence measure is a less conservative measure
than weighted congruence. One may want a less conservative measure if a team is
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observed to work well together in a way that cannot be represented by the concep-
tualization. Weighted congruence measure is more conservative and is appropriate
in projects where contextual information about the team is not known. In addition,
weighted congruence provides gap size, which have been shown to reveal some poten-
tial phenomenon for investigation. Thus, the measure provides additional information
without sacrificing the capabilities of unweighted congruence.



152



153

Chapter 7

Revisiting the Socio-technical
Congruence Model

The findings from the empirical investigations of socio-technical coordination reveal
how conceptualizations of social relationships and technical relationships in my socio-
technical congruence model can be improved. I refine the model that I developed from
Chapter 3 to include results of my empirical investigations. In particular, the results
of the study refine the conceptualization of social and technical relationships, provide
guidelines about how to conceptualize different aspects of coordination, and provide
insight into exceptional situations and circumstances around social interactions in
software development teams.

Objective 5: To improve the socio-technical congruence model
developed in Objective 1 by incorporating the results of the
empirical investigations from Objectives 2, 3, and 4.

The Ship studies revealed a number of additional factors such as different aspects
of awareness, communication, and emergent people that are not considered in socio-
technical coordination studies. The application of the socio-technical congruence
model to the RTC project applied some proposed modifications, such as the lack
of weights in gaps. The RTC study also emphasized areas of the model that could
be improved, and provided some preliminary evidence that gap size and weighted
socio-technical congruence measurements can reveal valuable research findings.

One of the contributions of the model that I develop is that such a model brings
to the forefront a discussion about the conceptualizations that can be used in socio-
technical congruence, and the situations that socio-technical congruence should be
able to represent. Taking a higher-level perspective of socio-technical coordination
allows us to examine fine-grained interactions at the task level while still ensuring that
relevant team members are identified and appropriately involved in coordination.

Figure 7.1 is the complete picture of the elements that were added to the model
based on the studies.
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Figure 7.1: Elements of the Socio-technical Congruence Model, Completed with Con-
tributions

7.1 Additions Within the Model Elements

The socio-technical congruence model described the entities in the model, includ-
ing technical and social relationships and a connecting entity. The model elements,
conceptualization, techniques, and situation modelling (Chapter 3) outline where ex-
tensions to the model can be added and refined. Modifications to the definition and
representation of technical relationships or social relationships belong to the “concep-
tualization” element. Additions to the calculation of alignment or details regarding
the meaning of gaps belong to the “alignment” element. Situations that are unique
or exceptional, such as communication patterns over time, belong to the “situation
modelling” element.

There are five areas within these elements that I extend based on the results
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of the empirical investigations in this research. These areas are the refinement of
technical relationships, the refinement of social relationships, incorporating emergent
people, incorporating managers, supporting staff, and customers, and multi-variable
modelling. I also discuss how to use gap size and weighted socio-technical congruence
in light of the application to the RTC empirical investigation.

7.2 Refining Technical Relationships

One of the research goals of this dissertation was to refine the conceptualization of
technical relationships and social relationships, with a particular focus on the
social aspect.

The technical entity, from which technical relationships are derived, is the basis
of socio-technical congruence. Consequently, select technical entities that reflect the
technical relationships of team members.

The roles of the individuals that participate in the project may affect your choice
of technical entity. A technical entity can be more than files in a software project—
the technical entities can be groups of files, or they may be higher-class entities, such
as models, requirements, or features. Dependencies must be identifiable between the
technical entities. In addition, relationships between individual contributors and the
technical entity must also be identifiable.

7.2.1 Satisfying Technical Relationships

Not every technical relationship requires explicit communication. When considering
the technical entities to analyze, consider whether the technical relationships that are
calculated based on the technical entities and technical dependencies require people
to coordinate explicitly through communication, or if they can coordinate implicitly
through the environment. Certain types of technical dependencies require more action
from the team members than other types.

The comment analysis in RTC highlighted that many of the builds are successful
without any communication. Related work by Bolici et al. [34] suggests that devel-
opers can coordinate not only through communication, but through artifact “traces”.
Studying the work items in RTC revealed that there were no feature-level dependen-
cies in work items from builds—that is, the tasks for each work item were generally
self-contained. This corroborates the findings of MacCormack et al. [145] that iden-
tified that projects with characteristics similar to RTC have a modular architecture.
This would reduce the need for coordination with others.

Thus, it is important to consider whether two people who work on dependent
modules actually need to communicate. Software information hiding attempts to hide
most changes [174] but poor information hiding practices may require downstream
changes to be communicated to others. Other cases clearly affect others, such as API
changes [201].
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With the understanding that some technical relationships are “more important”
than others, it may be relevant to identify if certain technical relationships must be
addressed using specific coordination methods. If there are underlying mechanisms
that can identify API changes, for example, these can be flagged as a high-risk change
that require specifically in-depth communication. Some technical relationships may
be best addressed with awareness through regular meetings or by reading source
code instead. The use of the weighted socio-technical congruence measure can repre-
sent high-risk changes with appropriately large values that will be considered in the
technical relationships matrix. The extensible socio-technical congruence technique
described in Section 7.4.5 can be used to separate technical relationships that re-
quire explicit communication compared to those that require awareness through the
environment only.

7.2.2 The Technical Relationships of Non-developers

A limitation of socio-technical congruence is the lack of involvement of team mem-
bers that are not involved in the project through explicit task assignments. Team
members who are important to team operation, such as environment coordinators
and managers should be included in models of coordination for software develop-
ment. Socio-technical congruence thus far has concentrated mostly on developers
and testers because they are easily assigned to tasks.

The problem is that an “assignment” relationship to a work item or to a file is
not sufficient to conceptualize someone’s work. Ownership, though relevant in some
organizations [132], is not universal. In the Ship project, where assignments are made
formally through a Microsoft Project plan, the developers are flexible and shift re-
sponsibilities frequently to handle incoming issues. The environment coordinators
that install and maintain servers and databases were found to be surprisingly central
in social network analysis and in email. This suggests that non-developers are ex-
tremely important in software development, even if they do not have direct technical
association with the software’s requirements.

Effort should be taken to extend technical relationships to incorporate depen-
dencies that may involve support staff, managers, and other team members. The
relationship of non-developers, such as the environment coordinators, should be in-
vestigated in depth to understand their contributions for the project.

One technique to include alternative roles is to include an entity such as a “feature”
or “requirement”. These entities operate on a higher-level than code does, and may
involve testers and managers. Previous work [151] has explored socio-technical con-
gruence as applied to requirements. Similarly, investigating “business requirements”
or “models” from model-driven development will involve other types of roles.

A manager is usually responsible for ensuring a set of business requirements are
released on time and therefore will probably be connected to everyone. To avoid
this type of nebulous assignment, identify dependency relationships between project
managers and developers that change based on the progress of the software life cycle.
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For example, a technical relationship may connect a manager to an architect during
a project’s design phase, a developer during the programming phase, and a tester
during the project’s testing phase.

7.2.3 Consider Weights and Gap Sizes

The weighted socio-technical congruence calculation can be used as a technique for
partial alignments of socio-technical congruence. When choosing variables to concep-
tualize in a socio-technical coordination study, consider how weighted congruence can
be useful in the analysis.

The simplest conceptualization that involves weighted congruence is counting the
number of technical relationships and social relationships instances, similar to what
was done in the RTC study. I have illustrated the use of the gap size measurement
in the RTC study. The gap size represents situations where communication may
not be sufficient to cover a coordination need. Multiple coordination instances may
be required, or a specific kind of medium may be necessary. Incorporating multiple
variables for social relationships can increase the weight of a coordination relationship
and thus ensure that technical relationships are properly satisfied.

A more elaborate is in the use of an assignment relationship to tasks or projects.
An individual is often assigned to a task in proportions, based on the available hours
of a work week. Thus, if a person has 40 hours a week, and is assigned 60% to
Project 1, and 40% to Project 2, socio-technical congruence can assign this person
to 24 hours on Project 1 and 16 hours to Project 2. However, because hours are
meaningless in the context of coordinating with others, the technical relationships
measurement may be measured in terms of a proportion instead, with a proportion
of “coordination time” recommended per person.

Another use would be coordination need relationships having different values de-
pending on the nature of the dependency. For example, a “strong” dependency be-
tween two technical entities may be an API change. Such a change could require
more attention through coordination than a change that affects internal code only.

7.2.4 The Influence of Emergent People

Emergent communicators in software development have not been studied extensively.
An emergent person may represent a previous-unknown source of knowledge or a
forgotten coordination need. It may be a new type of user or a forgotten stakeholder.
These people may be relevant to coordination patterns and to the project outcome.
Managers should evaluate what actions to take when a person emerges through project
team interactions.

My research suggests that there are different types of emergent people. In the
RTC study, an emergent person was someone who posted a comment on a work item
that he was not technically related to. In the Ship study, the conceptualization was
a person who was included in a threaded discussion after the first message was sent.
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The core concept is that someone who was not initially involved with a task or a
communication was included. In Section 7.3.5, I will propose a model that represents
an emergent person as either emerging within or outside of a task, or within and
outside of a of a team.

An emergent person can emerge due to changes in technical relationships. In-
volvement of an emergent people in the technical relationships network (TR) tends
to be a large event, because this suggests that someone new was allocated to a project
task (the scope of the project was possibly changed), or that there was a change in
personnel within the organization. More than likely, an emergent person is involved
in the social relationships network SR. It is possible that the presence of an emergent
person actually indicates a missing technical dependency or technical assignment in
the technical relationships network. When an emergent person appears, that person’s
link to a technical entity should be identified, if possible. If that person’s contribu-
tion to the project is significant, then the technical relationships network needs to be
updated.

7.3 Refining Social Relationships

The refinement of technical relationships and social relationships occurs in parallel,
as was mentioned in Section 7.2. In this section, I discuss conceptualizations of social
relationships.

Most conceptualizations of social relationships in related work are represented as
explicit communication, usually through electronic means such as email, comment-
ing, or IRC. Other conceptualizations of actual communication, including geographic
proximity, have been used [50]. The RTC study reveals that factors other than ex-
plicit communication appeared to influence coordination; similarly, the Ship study
revealed a number of instances where awareness augmented communication.

7.3.1 Coordination and Awareness

My observations indicate that awareness inspires coordination among team members.
The word inspires is important. Simply being aware of another’s actions is not
sufficient for coordination. Team members do not communicate explicitly just because
they are aware. At the same time, it is not necessary for awareness to exist for
communication to occur; for example a message broadcast to an email list requires no
awareness of the list’s recipients. As a consequence, awareness is neither a necessary,
nor a sufficient condition for communication.

Figure 7.2 illustrates the influence of awareness in socio-technical coordination.
This figure can be used to guide whether a particular kind of awareness should be
modelled explicitly in the socio-technical congruence model, or if it should be modelled
implicitly through communication. This decision depends on the availability of data
as well as on the type of awareness that is being represented. For instance, if a team
is observed to use awareness mechanisms from the environment, then it should be
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Figure 7.2: The Influence of Awareness on Socio-technical Coordination

presumed that they also have high levels of communication within the team that are
not explicitly recorded. Awareness of others’ tasks and activities essentially imply
that one is cognizant of another’s technical dependencies with others and with the
environment. The team mental model influences the quality of the awareness that
one has of others, and is shaped by communication and interaction with others on
the team.

7.3.2 Multiple Variables for Social Relationships

The most common conceptualization of coordination is communication. Communica-
tion is an ideal representation of coordination because it is explicit and demonstrates
intent. In research, most communication is represented in the form of digital com-
munication, such as email, IRC, instant messenger, issue-tracking–system comments,
or similar messages.

Depending on the context of the team being studied, adapting social relationships
to use multiple relationships may improve the representation of coordination in the
project. Different types of communication may be appropriate for different types of
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technical relationships, as discussed in Section 7.2.1. For example, a set of technical
relationships involving a group may be determined as being satisfiable through a
teleconference meeting, but not through issue-tracking–system comments.

One problem with repository mining is that unrecorded communication probably
affects the software-development team, but is not captured. One method to esti-
mate the amount of unrecorded communication within a team is to use awareness
relationships instead—a fixed factor can be used as a multiplier to enhance existing
coordination instances, for example. Social relationships can be represented as com-
binations of explicit communication and awareness, on the rationale that awareness
inspires coordination. An example would be to “double up” a relationship where
an observer has identified two team members as coordinating both in person, and
through email.

7.3.3 Including Awareness in Social Relationships

In RTC and Ship, awareness inspiring coordination appeared to occur as a result of
three situations: Familiarity with others, experience within the team, and bridging
for the team.

One such example of awareness is personal familiarity between team members. In
the Ship study, I observed that people were more likely to communicate with familiar
team members that they had past project relationships with, and were also willing
to cover coordination gaps with those that they have worked closely with. Team
members were able to recognize coordination gaps and knowledge gaps among those
that they were very familiar with. Task awareness is particularly important: one
must be aware of what another person’s roles and responsibilities are in order to help
that person with specific issues around work. Team feeds in RTC are a way to inform
others about a team member’s current activities. My findings corroborate Ehrlich
and Chang [85], who observed that team members were more likely to seek expertise
from people they were familiar with.

Another conceptualization of awareness is reflected by an experienced team mem-
ber’s ability to identify and repair awareness breakdowns. The experienced team
members have a strong team mental model and are familiar with their co-workers. In
my observations, the experienced team member would identify a potential situation
where another team member was not informed; in many instances the other team
member was a “junior” person that the experienced team member was a mentor for.
This is most evident in the situation involving the current test leader and the require-
ments change—the person who informed the test team leader was not on the project,
but had served as a mentor and a test leader in the past. Our email data supports
the fact that the test leader and the test leader’s mentor were very familiar with each
other’s work. Both team familiarity and task familiarity give a team member the
ability to recognize when others may not have the knowledge needed to make proper
decisions in the project. This strength of familiarity is, in a way, a method for team
members to generate “congruence” on behalf of their team mates.



161

Finally, team members should be given special consideration as potential bridges
of actual communication. Previous work studying brokerage in software engineering
considers information as a “flow” [151], but while this view is simple to model, some
have contested this perspective as overly simplistic [17]. One way to avoid thinking in
terms of flow is to identify who in the network is representing the interests of another
person in the network. When investigating the case, identify if the experienced team
member acts as a broker on behalf of others, whether indirectly or directly, and
connect these two people. For instance, Nancy in the Ship study was clearly acting in
the interests of Lilly when sending her information about requirement changes, but
without interrupting the rest of the project. If this context can be captured in the
network, then it may be possible to identify not only sources of potential awareness
breakdowns, but also political posturing too, in the case that one person acts in the
interests of others to the detriment of the project.

Thus, when selecting variables to represent social relationships in a socio-technical
environment, consider the possible awareness channels that the team members have
with each other, especially through the environment. Use multiple relationships rep-
resenting both explicit communication and awareness if necessary.

7.3.4 Considering Weights and Gap Sizes

Weighted congruence can be used in actual communication relationships similarly to
how it can be used for coordination need relationships described in Section 7.2.3.

The use of proportions can be assigned to social relationships in lieu of precise
instances of coordination. A developer does not usually track the number of instances
of communication with another person, but may be able to estimate the amount of
time spent communicating with that person using different communication media.
A developer then may be able to claim that 40% of the time communicating with
this other person was over email, 10% was in meetings, and 30% was through instant
messenger. These percentages may be used when evaluating communication media
for satisfying certain types of technical relationships.

7.3.5 Modelling Emergent People

I discuss a conceptualization of emergent people below that considers emergence from
both the technical perspective as well as the social perspective. The people who
emerge are considered stakeholders in the project. This conceptualization involves
different classes of emergent stakeholders and suggests they can be handled when
interpreting their appearance in socio-technical coordination.

In socio-technical coordination, there are two entities that are “emergent”: emer-
gent people, and emergent interactions. An emergent person is a person who was
previously not known about, but was included in a discussion. An emergent inter-
action is an interaction that is not expected—that is, not an interaction that was
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identified by the technical relationships relationship between two people. By defini-
tion, any interactions with an emergent person are emergent interactions.

I suggest two attributes to describe the context in which people emerge.

• Task emergence: People are emergent because they are not attached to a task,
but became involved in that task

• Boundary emergence: People are emergent because they are outside of the
boundary of a formally-defined team

I summarize this description in Table 7.1. There are four cases that can be iden-
tified.

Boundary emergence

Within team Emergence outside team

T
as

k
em

er
ge

n
ce Within task Team members that are

familiar; no emergence
Interaction across
boundaries, possibly
with the assistance of a
point-of-contact

Emergence outside task Team member provid-
ing expertise or sharing
awareness

Possible stakeholder
making new requests or
reporting issues

Table 7.1: Table Describing Variables Affecting Emergence

Within task; within team. This situation describes the case where there is no
emergence. The individuals are assigned within the task, and belong to the
same team as each other. This should generally be considered a nominal case,
since it is not necessarily surprising for a team member to contribute to a task
that is technically challenging.

Emergence outside task, within team. This situation describes the case where
a team member assigned to a task consults with a team member who is not
assigned to that task. This situation usually illustrates some kind of expertise-
seeking or awareness-sharing, though it may also illustrate a previously-unidentified
dependency.

For example, two developers are coordinating about an issue, but may require
some assistance from a senior developer. They see the senior developer, get
advice about how to handle the issue, and then continue on their way. Cer-
tainly, the senior developer does not have a technical dependency on these two
developers, but the two developers were in need of coordination from the senior
developer. This particular example illustrates a situation where there is emer-
gence within the team. The senior developer contributed to the tasks of two
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developers, but at the same time, the coordination need is not essential—simply
helpful.

Within task, emergence outside team. Someone is assigned to the task but is
outside of the team. In this situation, a point-of-contact acting as a broker may
be present, as a broker monitors information into and out of the team [151]. If
the point-of-contact is not known in advance, then some actions may be recom-
mended to ensure that the team members are comfortable with this additional
person.

Outside task, emergence outside team. Someone emerges from outside of the
task, and is outside of the immediate team. In this case, the emergent person
may be a stakeholder making requests. There may be an undetected technical
dependency in the project. If the expertise must come from someone outside of
the team, there may be an organizational gap.

One question is whether technical relationships need to be modified based on
emergent people. This could be accomplished either by a manager explicitly mod-
ifying a project plan to include the contributing emergent person, or by having a
socio-technical congruence system extract these implicit technical contributions au-
tomatically. At this time I do not believe that technical relationships need to be
modified to involve emergent people, and rather to keep an emergent person “on the
mind” based on previous contributions. Identifying and recording emergent people
would be one way to design expertise recommendation tools that handle situations
especially that involve experts outside of the team.

7.4 A Process To Guide the Application of the

Socio-technical Congruence Model to Study

Socio-technical Coordination

The model can be applied by using stepwise process described below, and visualized
in Figure 7.3.

1. Select the study focus. Identify the response variable.

2. Conceptualize technical entities; also consider interactions in technical rela-
tionships variables, weights, and emergent people. Apply the conceptualizations
from the model at this point. Consider the alignment techniques from the model.

3. Conceptualize social relationships; also consider interactions in social relation-
ships variables, weights, and emergent people. Apply the conceptualizations
from the model at this point. Consider the alignment techniques from the model.

4. Gather data.
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Figure 7.3: A Process to Apply the Socio-technical Coordination Framework

5. Calculate and analyze socio-technical congruence. Apply alignment techniques
from the model. Examine situations from the model at this point.

7.4.1 Select the Study Focus

The first question is to determine what phenomenon in human-centric software en-
gineering to study. The objective is to discover if there is a relationship between a
number of treatment variables, one of which is socio-technical coordination, and a
response variable.

Select a focus that is likely to be affected by coordination and technical work. This
tends to rules out research around a single developer, as no coordination is required
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in a single-developer case. In addition, extremely small groups of four or less that
do not have external dependencies are not likely to benefit from the socio-technical
coordination model because such group sizes tend to be trivial to manage.

Most software engineering research studies what affects the performance of the
software development process, often with the intention of improving the performance.
Some examples of response variables are as follows.

• Software cost. As software is labour-intensive, the time required to build
software directly translates to cost. One common conceptualization is the defect
resolution time [50, 166]. Another one can be the return-on-investment of a
software project.

• Software quality. Quality is often conceptualized as the number of bugs [107]
or as the number of post-release failures [26].

• Societal impact. Factors such as the number of users or the satisfaction of
developers may also be considered as response variables.

This is by no means a complete list of variables that can be studied using the socio-
technical coordination model. These outcomes tend to be influenced heavily by the
work practices of a software-development team, and as a consequence, investigating
socio-technical coordination is relevant.

Another focus could be an exploratory study that examines a specific issue. For
example, one may examine the relationship between two different functional teams
such as support and engineering; the effects of a new office configuration on software
teams; the influence of multiple stakeholders on a software team; or even the effects of
free lunches given to developers on software architecture. These issues fundamentally
involve interactions between people, their work, and their work environment.

7.4.2 Conceptualize Technical Relationships

Using the considerations presented in Section 7.2, one can conceptualize, model, and
begin the process of understanding the relevant technical relationships within an
organization. This step in the process should be done in parallel with conceptualizing
social relationships, as in most organizations, the technical aspects and coordination
aspects are highly interrelated.

When finalizing the conceptualizations, complete the socio-technical congruence
template described in Section 3.8.

7.4.3 Conceptualize Social Relationships

As above, one can use the considerations in Section 7.3 to conceptualize and under-
stand social relationships. This step can be done in parallel with conceptualizing
technical relationships.
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7.4.4 Gather Data

When the conceptualizations of the social and the technical variables have been de-
cided, the researcher gathers relevant data for study. Discussing in detail the data
collection step of the research is again beyond the scope of this research, and other re-
sources on general research design and data gathering are more appropriate here (ex:
[227, 170, 61]). However, I will discuss some conceptualizations of technical entities,
technical relationships, and social relationships that may aid data collection.

The techniques inspired by the model allows a synthesis of data from multiple
data sources. While contextual, qualitative data can be collected, it is necessary to
collect some kind of repository data or project documentation in order to properly
model technical dependencies and derive technical relationships.

To collect data for technical relationships, use repository data, particularly of the
source code versioning system. This will allow a researcher to gather technical data
that includes the links between people and artifacts. It is possible to gather technical
data based on documents as well, though this requires a significant amount of manual
work on behalf of the researcher. Technical documentation for a project will tend to
be focused on features or requirements, and are therefore higher-level than source
code modules.

To collect social relationship data, consider two approaches. First, collect in-
stances of explicit communication. If possible, electronic repositories should be col-
lected. Electronic communication media that is automatically recorded, such as work
item comments, emails, and chat logs are excellent sources of communication. If not,
then a questionnaire that asks “Who do you communicate with about [task]?” and
“Who are you comfortable working with on [task]?” may be a sufficient substitute.

Collect knowledge of the social interactions among team members to learn about
their awareness patterns. Observations will reveal relationships within the workplace:
In particular, look for unscripted interactions between team members, such as others
who visit their desk. Interviews about the context of their work and how they get
information about others are also important. Questionnaires can identify which team
members communicate about what topics to each other. Pay particular attention to
gathering a team member’s experience in a role as well as the amount experience
working with each other person on the team, as it appears to govern their ability to
be aware of tasks in their socio-technical environment.

There must be a link between the social relationships and the technical relation-
ships. This link is conceptualized by the connecting entity (Section 3.5.3).

The most important aspect of the data collection step is to ensure that there is a
reliable method to acquire both technical and social data. Both are required to per-
form effective analysis on socio-technical coordination and socio-technical congruence
cannot be calculated if one of these dimensions is missing. There are many techniques
for gathering this data, such as the Echo method [178] that are beyond the scope of
this dissertation.
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7.4.5 Calculate and analyze Socio-technical Congruence

The socio-technical coordination model invites a researcher to incorporate multiple
relationships that represent communication, coordination, and technical dependen-
cies. Once socio-technical congruence has been calculated, congruence, as a variable,
can be used to determine its effect on the study focus. While the socio-technical con-
gruence value is a convenient number to use for statistical models, keep in mind that
examining the networks themselves, particularly the lack-of-coordination network,
can reveal much about how individuals collaborate about technical work.

A limitation with the existing congruence calculation is that incorporating multi-
ple relationships is not well-defined. Existing work has calculated different congruence
measurements for each variable, such as “geographical congruence” or “modification
request congruence” as presented by Cataldo et al. [50], but no technique combines
these variables in such a way that some variables compensate for others. For instance,
Cataldo et al. [50] use four types of social relationships in their study but considers
each type independently.

In this section, I present a technique that can be used to incorporate multiple rela-
tionship types into the socio-technical congruence calculation. This multi-relationship
technique allows the researcher to investigate congruence especially in a situation
when different social relationships interactions can satisfy technical relationships. An
aggregated congruence measurement incorporates multiple relationships and
considers them as a grouped relationship that can satisfy technical relationships.
This is important if there are multiple communication media that do not need to
overlap as actual communication. For example, if it is sufficient for a software devel-
oper to communicate in either IRC, or in instant messenger with another developer to
fulfill a coordination need, then the IRC relationship matrix and the instant messen-
ger relationship matrix can be multiplied together to identify the relationship. This
extensible calculation can also be used in conjunction with the weighted congruence
measure described earlier in this thesis (Section 3.6.2).

The Multi-variable Socio-technical Congruence Technique

This technique combines a number of attribute matrices to calculate either the TR
or the SR matrix. Any number of extra “attribute” matrices could be created. For
example, to handle the issue of transitivity in socio-technical congruence, where “A
talks to B, who talks to C, therefore A and C have sent information to each other”, I
could generate a transitivity matrix TN that highlights transitive relationships only.

Thus, any variable can be inserted into general n × n relationship matrix M ,
where n is the number of people in the organization. The value of mij indicates the
relationship strength between person i and person j.

An attribute can also be derived using an intermediate matrix, similar to Equa-
tion 3.1. For example, role relationships may influence interactions in the organiza-
tion. A person is assigned to a role, and roles are allowed to interact with other roles.
The result of the calculation indicates who is permitted to communicate with whom
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when their roles are considered.
To calculate an n× n coordination matrix C, where n is the number of people in

the organization, first identify a n × k assignment matrix A, where n is the number
of people in the organization and k is the number of attribute values to be assigned.
Then, identify a k × k dependency matrix D among the attributes. If kij is 1, then
the element at i and the element at j have some kind of relationship with each other.

The final calculation of the matrix C is as follows.

C = A×D × AT (7.1)

The resulting matrix C indicates the people who have a relationship with each
other, assuming that the attributes that they possess also have a dependency as
indicated in D.

Examples of applying these attributes will appear below in an example (Section
7.5.1).

Aggregated Congruence Measurements Incorporating Multiple Variables

Any number of additional relationship networks can be used to conceptualize either
social relationships, or technical relationships. An aggregated congruence mea-
surement describes the situation when multiple relationship matrices are multiplied
together.

The matrix algebra presented here is similar to the formula from previous socio-
technical congruence studies [50, 139]. However, rather than specifying that every
technical relationship can be satisfied by every social relationship, this aggregated
technique can be used to “select” specific individual technical relationships that
should be satisfied by a specific type of social relationship.

This selection allows for the following benefits. First, one can calculate the align-
ment for a specific kind of relationship—for example, one may find that meetings
align well to technical relationships, but that written forms of communication like
email and issue-tracking descriptions do not. Second, relationship data can be stored
independent of other types of data, making data management easier.

Any variable can be used in an n×n relationship matrix M , where n is the number
of people in the organization. The value of mij indicates the relationship strength
between person i and person j.

Either a technical relationship network or a social relationship network can be
modified using an intermediate attribute. The following equations are best explained
with an example situation.

In a software team, we can calculate an initial set of technical relationships TRmay
be calculated by multiplying person-to-file assignments TA, file-to-file dependencies
TD, and the transpose of TA.

T = TA× TD × TAt (7.2)



169

The resulting network indicates which individuals should be coordinating. This cal-
culation is the one that can identifies the relationships a network such as the one
shown in Figure 1.1(c) under Section 3.6.1.

Once the technical relationships TR are calculated, we can “remove” links that
are irrelevant or satisfied by social relationships. Thus, if you have a matrix S that
identifies technical relationships that are not important, you can subtract them from
the original TR matrix as follows.

t′ij = tij − sij for i = 1, . . . ,m and j = 1, . . . ,m (7.3)

What an appropriate S matrix depend on the context of the case being studied, and
the researcher will have to identify what technical relationships may not be relevant
in a particular project. For example, there may be a relationship between two people
that is known to be covered because these two people work in the same office. One
can then identify in the S matrix that these two individuals are aware of each other’s
technical relationships, and that the particular link is satisfied.

We can calculate congruence using the modified T ′. Because links are removed,
congruence values will increase, but this technique allows the researcher to essentially
remove exceptions in a technical network.

Other operations can be substituted for “subtraction” in Equation 7.3, including
boolean OR (∨) and boolean AND (∧). Figure 7.9(d) for instance would be the
combination of a “brokerage” matrix and an “instant messenger” matrix using a
boolean OR relationship.

In order to calculate the matrix for Figure 7.9(d), simply take a binary OR rela-
tionship between the corresponding elements of the two social relationship matrices
in a scalar fashion. Thus, given the transitive-social relationship matrix TS and the
communication-social relationship matrix CR we would calculate each entry in an
aggregated social relationship matrix SR′:

sr′ij = tsij ∨ crij for i = 1, . . . ,m and j = 1, . . . ,m (7.4)

Multiple relationships can be calculated using different matrices. Instead of a
transitivity matrix S, one may use a co-location matrix C instead and calculate T ′′

instead. Multiple relationships represnting different types of social relationships, as
well as different types of technical relationships can be devised. Thus, the general
form of Equation 7.1 and Equation 7.3 can be used to calculate both a modified set
of social relationships and a modified set of technical relationships.

The final congruence index can be calculated as a ratio of the number of connec-
tions in SR′ over the number of connections in TR′, as in the original congruence
calculation.

By combining attribute matrices in different ways to create TR and SR matrices
that are eventually used in the final congruence calculations, a researcher can build
different areas of investigation to study the relationship between people in software
development. This flexible extension allows socio-technical congruence to be calcu-
lated for a large number of situations.
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7.5 Example Applications of the Socio-technical

Coordination Model

In this section, I describe examples of how to conceptualize socio-technical coordina-
tion in various cases, with a particular emphasis on the application of the multiple-
variable congruence technique.

7.5.1 Example 1: A Role-based Congruence Measurement

The context of the empirical investigation determines the construction of relevant
relationship matrices. As mentioned above, a relationship matrix can be combined
with other relationships to form a modified SR matrix or TR matrix. This example
is adapted from an empirical investigation by Marczak [148]. An conceptualization
appeared in Marczak et al. [152], and the work was further developed into the explo-
ration of a role-based measurement [149].

In a team called App, the organizational structure of the team mandated that cer-
tain roles should not communicate directly in order to distribute information through-
out the team. This rule was put into place to prevent developers and testers from
making crucial decisions without input from senior team members and management.
For instance, developers could communicate with each other, developers were not
allowed to communicate with testers directly. A diagram of the roles in this project,
along with their permitted connections, appears below in Figure 7.5.

The question is, what influence does this prescribed communication structure
have on the team? Do the team members follow this structure, or do they extensively
communicate with each other despite the rule? If the communication structure is not
followed, this may suggest that the team must engage in communication across roles
to coordinate their work. The socio-technical congruence template for this example
appears in Figure 7.4.

To calculate the role-based congruence measurementRC, combine a role-assignment
matrix RN and a role-dependency matrix RD as in equation 7.1. The result is

RC = RN ×RD ×RN t

Visually, we can represent this as a network such as Figure 7.6. In this example,
the arrows indicate the assignment of people to roles. RA is a requirements analyst,
Dev Lead is a development leader, Dev is a developer, and Tester is a tester. The
thick lines represent the role dependencies that dictate that those roles should discuss
their tasks. A requirements analyst interacts with development leaders, development
leaders interact with developers. Roles can interact with others of the same role.

The resulting role-based coordination network looks like Figure 7.7(a). Because
the testing role does not have a specific link to the other roles, he is isolated. This
role coordination network illustrates the roles of people in this team that should co-
ordinate regularly. The precise meaning of the role coordination matrix depends on
the case under investigation. In this organization, it is a list of people who should
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Figure 7.4: Socio-technical Congruence Template As Applied to Marczak et al. [152]

communicate and who should not communicate, based on their role. However, in an-
other organization, this may be a recommended communication. It may also indicate
communication that happens every regularly (perhaps there is a SCRUM meeting
that involves everyone except the tester).

We can then combine the RC matrix with a “technical relationships” matrix
calculated normally. In our case, we apply this to a social relationships matrix to
come up with a modified set of technical relationships (Figure 7.7(b)). Let us assume
that, because this structure indicates who should not explicitly communicate with
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Figure 7.6: Creating the Role Assignment and Role Dependency Networks

others, that we incorporate it into the modified TR′ matrix. The calculation therefore
appears as follows. The resulting network is shown in Figure 7.7(c).

cn′ij = rcij ∧ cnij for i = 1, . . . ,m and j = 1, . . . ,m

The TR′ matrix and the SR matrix can be overlapped to calculate the congruence
index.

The extensible congruence measurement allows a researcher to conceptualize dif-
ferent types of “communication” and “gaps”. For example, if the actual communi-
cation is represented by dashed lines in Figure 7.8, there are some aligned communi-
cation instances and some unaligned communication instances. The communication
between RA and Dev Lead, and Dev Lead and Dev 2 are “aligned” because they
correspond with the TR′ relationship. In contrast, there is no communication be-
tween Dev Lead and Dev 1. This communication is role-based because they do not
have a coordination need from technical dependencies, but are connected in the role
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dependency. There is also communication between Dev 1 and Tester. This is com-
munication that is not required by either their role relationship or their technical
dependency, and therefore this may be seen as “backchannel communication”. The
gap between Dev 1 and Dev 2 is a “real gap” because they should be communicating,
but do not do so. For an in-depth explanation of the meanings and implications of
these relationships, please see Marczak et al. [149].

The identification of these different types of gaps allows for an in-depth exami-
nation of the relationships between individuals and provides more information about
how they work than using the simple congruence measurement. This allows an ana-
lyst to examine work assignments, organizational structure, and impacts of awareness
tools on a team.

7.5.2 Example 2: Representing a Point of Contact

Software development involving multiple sites and dependent teams can cause prob-
lems with over-coordination. To alleviate this, many teams use a point of contact in
another team toward which to direct communication. The point of contact acts as a
broker for incoming information and forwards the information accordingly to internal
team members. The existing congruence gap may identify a necessary connection
going from a team member to internal team members of the other team when instead
they should be speaking with the point of contact. The question is, is a transitive
connection with a Point of Contact person A sufficient to ensure coordination between
Person B and Person C?

I illustrate how such a study can be conducted in Figure 7.9. For example, we
have three developers, and C depends on A for communication (Figure 7.9(a)).
In this particular situation, B is an experienced team member, and communicates
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information from A to C. Because we know that this brokerage occurs, we can assume
a transitive-social relationship from A to C (dotted line in Figure 7.9(c)). Because
we know that B acts as a broker, this transitive relationship can serve in place of a
direct communication-social relationship between A and C (Figure 7.9(b)). Either
Figure 7.9(c) or Figure 7.9(b) satisfy the relationship in Figure 7.9(a).

We can combine both social relationship networks into Figure 7.9(d). In this
particular example, either Figure 7.9(b) and Figure 7.9(c) may be considered as “sat-
isfying” the technical relationship.

This technique combines a number of attribute matrices to calculate either the
technical relationships matrix TR or the social relationships SR matrix. Any number
of extra “attribute” matrices could be created. For example, to handle the issue of
transitivity in socio-technical congruence, where “A talks to B, who talks to C, there-
fore A and C have sent information to each other”, we could generate a transitivity
matrix TN that highlights transitive relationships only.

In this example, the transitivity relationship is conditional on the fact that B←→A
and A←→ C communicate. The calculation of the transitivity network based on the
communication relationship matrix is relatively straightforward. This extension to
the socio-technical congruence model allows these kinds of operations to be modelled
in a modular manner.

The transitivity relationship used here could be combined with the role relation-
ship explained above in Section 7.5.1 to explore the effects of transitivity and roles
on social relationships and technical relationships. It is possible to combine multiple
relationships ad infinitum. In this sense, the model allows for a significant exploration
of social relationships and their alignment to the technical relationships among team
members.
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7.5.3 Example 3: Multi-variable Relationship Modelling of
an Organization

In this example, I present a theoretical example of aggregated congruence measure-
ments that include meetings. The purpose of this example is to demonstrates how
the model uses multiple technical and social relationships.

In an imaginary team, we have one development leader and three developers work-
ing on three components (Figure 7.10). The Dev lead and Developers 1 and 2 are
on the same geographical site. Component B depends on Component A, and the
three components each integrate into a library. The developers communicate using
meetings and email. The focus of this investigation is to identify which developers
need to be kept informed of changes to the software library.

In this case, some information is missing: we do not know who is responsible for
the library. Thus, an adjustment must be made to the task assignment network.
We assume that the relationship from the developers to the components also extends
to the library itself, and therefore every team member has a small part in ensuring
that the library works. A new technical relationships network can be created for
the library itself. Now, there are two technical relationships networks: one for the
components (Figure 7.11(a)), and one for the library (Figure 7.11(b)).

The technical relationships network is illustrated in Figure 7.11(c). The bold lines
indicate a “level 2” dependency, where there is both a component coordination need
and a library coordination need.
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These developers communicate in two ways: regular meetings, and emails. Some
of the developers meet regularly; we can model this as one relationship in an social
relationships network (Figure 7.11(d)). Because the meeting involves three of the
developers, we can presume that the connection is bi-directional. We model an email
connection between developers if they communicate above a certain frequency per
week (Figure 7.11(e)).

Once we model each of the communications, we can combine them together into
a complete picture of social relationships. In this case, we simply overlap the various
communication media. The complete social relationships network in Figure 7.11(f). If
desired, we could have specified weights to the relationships to indicate, for example,
that a meeting is “twice as effective” as an email for the purpose of satisfying technical
relationships.

Already, we can see a number of trends. First, Dev 3 is kept in the loop through
email, but is not involved in meetings. Dev 2 and Dev 1 do not send emails to the
Dev Lead frequently enough for their communications to appear in Figure 7.11(e).
A plausible explanation is that Dev 1 and Dev 2 feel adequately informed through
meetings and therefore do not communicate with the Dev Lead or with each other.

The meeting that involves the Dev Lead, Dev 1, and Dev 2 (Figure 7.11(d))
aligns perfectly with the technical relationships network for the components (Figure
7.11(a)). Dev 3 is kept in the loop through e-mail from the Dev Lead—perhaps it is
the Dev Lead’s responsibility to ensure that the off-site Dev 3 is kept informed of the
results of their meetings.

The lack-of-communication network that illustrates the gaps is applicable only to
Dev 3’s involvement with the library (Figure 7.11(g)). While there are gaps in this
network, it may be the case that Dev 3 is not actually involved as much with the
library as we may have assumed. If this is in fact the case, the technical relationships
network for the Library (Figure 7.11(b)) could be adjusted in the future to explicitly
exclude Dev 3. In the future, if the developers adopt a new tool, a new social rela-
tionship network can be calculated and incorporated into existing social relationship
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networks while preserving the integrity of previously-gathered data. In this respect,
this socio-technical congruence model is extensible.

7.6 Differences from Cataldo’s Socio-technical Con-

gruence Research

The socio-technical congruence model in this dissertation builds on Cataldo’s socio-
technical congruence research [44, 48]. Cataldo in his dissertation describes a “frame-
work for identification of work dependencies” (Chapter 2, p.13). In particular, that
chapter examined a relationship between a developer and technical work, with an
emphasis on using the results for coordination. The stated objective of his disserta-
tion is “... [to] provide a fine-grain level of analysis of coordination” and “to allow
for identification of work dependencies from alternative representations of technical
dependencies of the system”. Cataldo’s dissertation has a heavy emphasis on work
dependencies and the technical aspects of software development. As discussed in
Section 3.10, there is a wide body of knowledge that includes Cataldo’s work that
is devoted to examining technical dependencies. While socio-technical congruence in
Cataldo’s dissertation focuses primarily on the identification of work dependencies
within a software system, my dissertation focuses on the conceptualization of social
relationships within a software team.

The socio-technical congruence model goes beyond the descriptions provided in
Cataldo’s dissertation by describing elements that need to be considered when design-
ing studies that use socio-technical congruence as well as expanding and refining some
of the conceptualizations that should be used for social and technical relationships.
It also includes a guideline on how to apply socio-technical congruence to the study
of socio-technical coordination.

7.7 Limitations of the Model

The socio-technical congruence model is a more complete representation of the current
state of socio-technical congruence. However, there are still a number of limitations
with the model.

Socio-technical congruence uses a number of conceptualizations to estimate socio-
technical coordination. In the RTC study, I have identified empirical evidence regard-
ing socio-technical congruence’s relationship to team performance using the conceptu-
alizations of technical relationships based on co-changed files, and social relationships
as comments. My study has revealed that socio-technical congruence is beneficial
in certain situations, but more studies need to be done in order to generalize this
result to software organizations in general. The contribution that RTC provides is
that there is a situation in which high socio-technical congruence does not correlate
with successful integration build results. This may be a consequence of an overload
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effect, where it is too difficult to expect each team member to coordinate their efforts
based on dependencies. The RTC empirical investigation revealed that congruence
might have an “upper bound” of participants before it begins to break down because
it recommends too many necessary social relationships. However, without further
analysis this cannot be conclusive.

The guidelines are not a single, true approach to creating a socio-technical con-
gruence study. Thus, while many of the guidelines may help guide a researcher who
wishes to apply socio-technical congruence, they are still not at the level of rigour
that would constitute a process. More research is required to be able to completely
define a process describing the application of socio-technical congruence.

There is also no concrete advice for handling long-term longitudinal studies in the
socio-technical congruence model. The model currently can be applied to snapshots,
or may be applied to regression models. One way to handle longitudinal studies would
simply to be to examine multiple snapshots taken over time. Some prior work has
attempted to address the issue [216] of time, but more exploration of such techniques
would be beneficial.

The model is a preliminary work that runs short on actually stating what is “good”
for a software team, and concentrates primarily on exploration instead. Achieving
good performance is influenced by too many other factors for the model to recommend
specific practices. More empirical studies, as well as theoretical models, would benefit
the study of congruence and move it toward a state where it may (or may not be) a
recommended metric for software team performance.
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Chapter 8

Contributions and Future Work

Socio-technical coordination refers to coordination that is performed in an environ-
ment with social and technical factors, such as a global software-development team. A
promising technique that captures and measure socio-technical coordination is called
socio-technical congruence, but the measurement has a number of limitations in its
conceptualizations, including binary gaps, difficulty comparing socio-technical
congruence studies, unknown influence of awareness, and not including rel-
evant team members. As a result, the goal of this thesis was to develop a model
of socio-technical congruence used for the study of socio-technical coordination. The
model describes refined conceptualizations of social relationships, improves techniques
to calculate alignment, and describes an approach for applying the model. Such a
model allows a researcher or a practitioner to examine socio-technical coordination
from a high-level perspective.

Thus, the research objectives were as follows:

Objective 1: To develop a socio-technical congruence model that
explains what conceptualizations belong in the model, what el-
ements belong in the model, and how to calculate alignment.

I developed this model by examining related work, but identified that there were
still outstanding limitations that needed to be addressed by conducting empirical
studies.

Objective 2: To examine awareness and to identify how aware-
ness within a global software-development team can be concep-
tualized within a socio-technical congruence model.

I performed an empirical investigation of awareness in the Ship project and identi-
fied the need for multi-variable relationship modelling and refined social and technical
relationships in order to reflect how team members use communication in parallel as
well as experience and brokerage to fill gaps for others.
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Objective 3: To examine communication patterns, which in-
cludes important communicators and emergent people, and to
identify how communication patterns can be represented within
a socio-technical congruence model.

I performed an empirical investigation of communication patterns in the Ship
project and identified that technical relationships may have to be conceptualized
so that managers and supporting staff are included in socio-technical congruence
networks. In addition, the presence of emergent people suggested that technical
relationships may have to be modified over time to reflect the involvement of these
new people.

Objective 4: To apply the socio-technical congruence model
to determine the relationship between socio-technical congru-
ence and the performance of a global software-development team
working on coordination-intensive activities.

I applied the socio-technical congruence model to study the relationship between
socio-technical congruence and team performance. I found that high socio-technical
congruence can benefit builds, but only in certain situations, and that high socio-
technical congruence actually reduced performance. I also identified that team mem-
bers appeared to coordinate more closely when problem builds occurred. These find-
ings illustrated the value of the socio-technical congruence model as well as the value
of the gap size technique.

Objective 5: To improve the socio-technical congruence model
developed in Objective 1 by incorporating the results of the
empirical investigations from Objectives 2, 3, and 4.

I revised the model based on the empirical findings of the studies above. I de-
scribed guidelines to conceptualize the entities in socio-technical congruence and de-
scribed an approach that aids a researcher in applying the socio-technical congruence
model to study socio-technical coordination.

8.1 Contributions

The contributions of this research are two-fold. First, I presented a socio-technical
coordination model that can be used by investigators to construct research around
software engineering teams or organizations. Second, I presented a number of empir-
ical findings from empirical investigations.

Below, I outline the empirical findings, then summarize the model in light of these
findings.
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8.1.1 Empirical Findings

Team Members Communicated Using Communication Media in Parallel

Team members in Ship used multiple forms of communication to stay aware, including
phone meetings, emails, instant messenger, and personal visits. I also observed in RTC
that developers also use the integrated development environment to study traces left
by others on the environment, and are able to work on source-code changes based on
this information without necessarily having to engage in communication.

The team members in Ship used different forms of media to transmit information
to each other. Instant messenger and email were both used to communicate, but for
different purposes. Email was used to inquire about feature rationale and technical
discussions, whereas meetings were used mostly to maintain task awareness of other
team members.

The Team Mental Model of Open Communication Exchange

The Ship study revealed that the Ship team communicates openly, and that this
benefited awareness and coordination. Team leaders communicated frequently with
each other, even incorporating the environment coordinators in their discussions.
I observed that experienced team members often kept aware of the events in the
project to the point where they could help other team members when awareness
breakdowns occurred. Although distance affected awareness, the shared task context
and familiarity helped mitigate these effects.

Investigating their email patterns, particularly with respect to emergent people,
revealed also that team members were concerned with exchanging information with
each other efficiently. The methods in which they replied to each other and CCed
messages suggested that they were interested in making each message helpful.

Thus, even though certain team members were new to the project, and even
though the organization around the Ship team was undergoing an organizational
restructuring, the team members knew who their team mates were and were very
happy with the way that they were communicating.

Involvement of Important Communicators

In the Ship study, managers and support staff members were found to coordinate
frequently, and were often in important positions within a social network, even though
they rarely had assigned technical relationships in the network.

Developers and testers communicated frequently with each other, with most email
traffic occurring between the team leaders and senior developers. However, the en-
vironment coordinators communicated with others multiple times and occupied rel-
atively central locations in the social network; they were in a more central position
than the managers were. Managers were found to send many more messages than
they received. This suggests that these individuals are relevant to technical work,
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and that conceptualizations of socio-technical congruence technical entities should be
broadened to include these individuals.

Involvement of Emergent People

Emergent communicators are people who are involved in a message thread after the
first message has been sent. They are important because they represent unknown
participants in communication and changes in the relationships among project team
members. I investigated emergent people in email discussions from the perspective
of five technical team members. Emergent communicators were involved in a thread
because it was an unexpected event, a request, an announcement, or a follow up.
Emergent repliers replied because they were consulting with experts, providing status
updates, reporting results, or providing expertise.

Emergent communicators are a special-case situation within a socio-technical en-
vironment. Their appearance does not always necessarily indicate a problem, but
understanding the contexts that require bringing in emergent people may help prac-
titioners and researchers understand which situations are a part of everyday life, and
which situations are problems that lead to inefficiencies or to confusion.

The Context-Sensitive Effect of Socio-technical Congruence

In the RTC project, I studied the relationship between socio-technical congruence
and team performance, conceptualized by the probability that a build succeeded.

I found an interaction effect between congruence and build result probability. If
the build type was a continuous build, then increasing the congruence led to an
increase in the build success probability. If the build type was an integration build,
then increasing congruence actually led to a decrease in the build success probability.
I also observed interaction effects between congruence and build date, the number of
work items and build date, and build date and build type.

This finding illustrates that high congruence is not always beneficial—the con-
ceptualizations are extremely important, and the context must be considered. In the
case with integration builds, key points of contact could be included in the technical
relationships network rather than everyone who contributed to the build.

A continuous build gathered file contributions and builds them into a single com-
ponent, whereas an integration build involved components from multiple teams, built
into the entire product. The teams that work one continuous builds therefore were
more familiar with each other and were more able to communicate, as the builds
do not require the involvement of as many people. However, in the case of the in-
tegration build, involving many people in the build may have actually harmed the
build success. in RTC, they used a build coordinator whose purpose was explicitly
to moderate discussion between different groups.

The choice of artifact appeared to have an effect on the influence of socio-technical
congruence on an outcome. In this particular case, a coarse-grained artifact, such
as an integration build, did not appear to reflect the desired property that high
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congruence leads to a higher probability of build success. However, a fine-grained
artifact, such as a continuous build, did reflect this property. The implication is
that the choice of artifacts, and subsequently, the relationship of the nature of the
dependency to people, determined whether socio-technical coordination is required
to address technical issues.

The RTC study has broader importance than the relationship between socio-
technical congruence and build success probability in RTC. The findings are impor-
tant because they provide empirical evidence that illustrate the applicability of socio-
technical congruence, and illustrates that an increase in socio-technical congruence
may not always be connected to improvements in software development, depending
on the conceptualizations and project context. Nonetheless, I believe that a socio-
technical congruence model provides a useful method for conceptualizing and studying
coordination, especially in a global team, and can be used to better understand the
relationship between socio-technical congruence and performance in software devel-
opment.

Communicating in Problem Situations

During the RTC case study, I studied gap size between team members. A large
gap size indicated that team members were not bridging their technical relationships
with communication. However, opposite of what I expected, the average gap sizes in
successful builds was large, but that the average gap size in failed builds was small.

This suggested that developers were doing more communication in failed builds to
cover technical dependencies. Developers appear to know their work, and collaborated
more intensely when problems are prone to occur. As discussed in the RTC study
and in related work, not all technical relationships needed to be bridged for the team
members to complete their work; awareness through the environment was one way
for them to coordinate. Thus, this suggests that there are work-related clues that
provide developers with knowledge that certain tasks require more communication
than others.

8.1.2 A Socio-technical Coordination Model

The goal of this dissertation was to create a socio-technical congruence model that
presents refinements to conceptualizations of relationships, improves techniques with
which to calculate alignment, and describes an approach that describes how to apply
socio-technical congruence.

The model introduces three elements of socio-technical congruence that I describe
improvements for: conceptualizations, techniques, and situation modelling. It in-
corporates a modified socio-technical congruence formula to model multiple relation-
ships, and lays out a template that can be used for researchers to frame existing
studies and to develop new studies. It also provides guidelines and considerations of
how to conceptualize social relationships as well as technical relationships and deal
with interesting and exceptional circumstances.
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There are also three technical contributions in this model.

1. I proposed in this dissertation a weighted congruence measure, which assigns the
relationships between people and artifacts, as well as artifacts and other arti-
facts, a numeric value. This allows someone applying the congruence framework
to calculate the “gap size” between one person and another that identifies if the
communication between those two people covers their technical relationships.

2. I presented the concept of emergent people in congruence. Team members are
very perceptive of when certain individuals may not be receiving information
in a timely fashion and are quick to remedy these situations.

Involvement of someone outside of the team may require intervention if the
emergent person is outside of the team but also outside of the task-oriented
network of the team members. Any person who is not known to the team but
also outside of the scope of their tasks may be an external contractor stake-
holder making requests or a technical expert that was not included in the team.
A manager may need to evaluate if this person’s involvement is necessary or
appropriate, and take measures to enable or disable this person’s influence on
the team.

3. I presented a technique to calculate multi-variable socio-technical congruence
using different matrices. This allows certain types of relationships to “fill in”
for other relationships. It also separates the variables into separate matrices,
making management and calculation of socio-technical relationships easier.

The model brings to light the importance of choosing appropriate conceptual-
izations within a socio-technical congruence study. As socio-technical congruence is
supposed to measure socio-technical coordination, the choice of conceptualizations
and the understanding of a study’s context affects one’s conclusions greatly.

8.2 Applications to Research and Practice

The socio-technical congruence model has benefits to both research and to practice.

8.2.1 Applications to Software-Engineering Research

For researchers, this model describes circumstances that may occur in a socio-technical
environment, and provides guidelines on how to handle these circumstances. A re-
searcher who is not intimately familiar with details on an organization can use the
model to represent a software team and identify potential factors that might affect
software engineering outcomes, such as performance or quality. The techniques allow
a researcher to modularly store and retrieve relationships between technical artifacts
and people, and to combine them in a way that best reflect the socio-technical orga-
nization.
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This model benefits a practitioner by allowing a software manager to identify what
technical relationships exist within the organization, and to identify if an appropri-
ate social relationship addresses this need. Gap calculations allow a practitioner to
identify if a coordination need is not bridged by a relationship, whether it be through
communication, or through a less-visible interaction like automatic awareness noti-
fications or points of contact. A quantitative examination of relationships between
team members may help confirm suspicions or concerns raised by the team. Depend-
ing on the nature of the problem, the remedy may be as simple as a reminder to a
colleague to speak more often to a remote team member, or it may be as complicated
as an organizational restructuring. In addition, the software industry stands to ben-
efit from the increased understanding of coordination that can be achieved with this
model.

8.2.2 Applications to Software-Engineering Practice

While this work is mainly targeted toward software-engineering researchers who in-
tend to understand socio-technical communication, the findings and the framework
developed in this model have implications on software practice, as well.

The socio-technical coordination model can be used by managers and consultants
to better understand the coordination patterns of team members within a global
software team. Such patterns can be automatically collected from a development
environment. Multiple variables may be recorded and stored as separate relationships,
and can be combined in multiple ways using the extensible socio-technical congruence
analysis presented in Section 7.4.5. This allows the study of different relationships
and their effect on coordination, with the intention of improving the efficiency of
communication within the organization.

The finding that high congruence positively affected the probability of continuous
builds succeeding, but that high congruence negatively affected the probability of
integration builds suggests that socio-technical congruence has a limit of applicability
as well, and that “perfect” congruence is not required for successful coordination.
Thus, at this time, acquiring high congruence, under some conceptualizations, does
not appear to be a necessary condition for success.

In addition, my observations of global software development has led to this short
list of recommendations that can be used to benefit coordination. These observations
include:

• A central issue-tracking repository reduces the need for synchronous communi-
cation and improves team member awareness of others’ activities.

• Ensure that an experienced team member is familiar with the information needs
of team members at other distributed sites.

• Hold regular meetings to ensure that team members are aware of the activities
of others.
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• When referring someone to another person in email, CC the new person as a
courtesy to the discussants.

• Assign team members with multiple responsibilities so that their work cannot
be blocked by delays in multi-site development.

• Be aware of emergent people and how they are related to your team members.

By simply being aware of emergent people, a manager or another important com-
municator may take a moment to identify who may be missing before sending impor-
tant correspondence. Even something as simple as maintaining up-to-date mailing
lists can reduce the delay introduced by emergent people in communication. The use
of experienced team members can also help bridge communication between different
teams.

8.3 Limitations

There are a number of limitations of this work. The first is that we base a number
of the empirical findings on two projects only. While techniques were taken to in-
crease internal validity, the external validity may be challenged. The findings from
the individual studies are not generalisable at this time, but the findings of the aware-
ness study were consistent with findings from previous literature. The findings from
the communication patterns study and the socio-technical congruence study raised a
number of interesting questions that should be considered in other cases.

Another limitation of this study is that the data sources, particularly for Ship,
can not be made publicly available due to the sensitive nature of the information.
In addition, the teams that I interacted with no longer exist because the company
restructured the team, shifting the responsibilities of the individuals involved to other
projects. As a result it was difficult for me to verify the results with the team as a
whole, and it is not possible for this research to be replicated by other researchers.

Currently, the techniques that are used in the socio-technical congruence model
rely on a number of external tools, including a tool that can extract work item rela-
tionships and change set relationships from a repository. Repository data extraction
may be a technical hurdle to applying these techniques, and pose a significant barrier
to allowing real-time extraction of socio-technical congruence data.

8.4 Future Work

This work leads to a number of future questions for investigation, both with respect
to the empirical findings in the dissertation, and with respect to the validation of the
proposed improvements to the socio-technical congruence model. As discussed in the
limitations, a number of phenomenon were observed in the empirical investigations in
this dissertation but must be generalized to a larger number of cases. However, the
phenomenon observed in this dissertation can also be expanded into future work.
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8.4.1 Brokers of Socio-technical Coordination

In this dissertation, I investigated emergent people, but one key component of the
emergent person pattern that I did not investigate is the broker involved. Brokers or
gatekeepers [108] are the intermediaries between groups and have been identified as
holding key positions in a communication network [38, 209]. To further understand
emergent people, one way would be to investigate the people who involve who these
emergent people are in the first place.

Such a study would reveal what role within the software team a broker plays, as
well as clarify if brokerage patterns occur frequently in email communication. This
may lead to awareness on who team brokers are, how to identify team members with
high potential to be brokers, and how to position these brokers to be effective at coor-
dinating not only within the team, but outside of it. One outstanding question regards
the work that such a broker does and whether it is congruent with communication—
does a broker’s technical work cross team boundaries like its communication does?

8.4.2 Validating the Emergent People Model

This preliminary analysis of emergent people in software development suggests some
initial conceptualizations of their significance to the project based on task and team
boundaries (Section 7.3.5). Emergent communicators represent an “unknown” ele-
ment of the project. Future work needs to empirically validate my conceptualization.

One question is, are these emergent people participating as stakeholders in the
project, or simply expert contributors? Does the involvement of emergent people
that are previously unknown have a cost with respect to team performance? Whereas
stakeholder identification is an area of current research [144], the prevalence of open
repositories such as in RTC or in mailing lists mean that involvement from unknown
individuals can be frequent. The goal of this future work would be to investigate an
emergent person’s significance in a project, and whether an emergent person must be
included or acknowledged in project interactions. Classes of emergent people may be
derived depending on how they are involved. These findings can affect requirements
elicitation and analysis.

Another question is to examine the benefits of including emergent people. Is it
cost-effective to reduce the number of emergent people in communication?

While our discussion of emergent people is in the context of a corporate environ-
ment where email is generally kept private, examining emergent people in more open
projects may be valuable to learning about why particular individuals contribute ex-
pertise. In a team where information may be posted “open” to the organization,
as in Rational Team Concert’s work item database (Chapter 6), in mailing lists, or
even to a public question-and-answer repository like Stack Overflow [207], examining
emergent people may lead to the design of better knowledge-management systems
where expert users are able to locate and answer questions for others.
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8.4.3 Understanding Information Needs of Support Roles in
Systems Organizations

The study of socio-technical coordination focused on software-development teams in
industry. However, many of the findings may have applicability to other organization
domains, including systems development.

More study of managerial responsibilities and their relationship to the features
that must be developed on a technical level is beneficial to enabling these managers
to work better. An empirically-derived understanding of a manager’s relationship to
the tasks on a project and a manager’s need to communicate with team members is
needed to effectively conceptualize a manager’s relationship to technical entities.

Another role that is heavily involved in software development teams, but is often
not investigated in research studies are the role of environment coordinators, infor-
mation technology support staff, and other similar roles. In our studies, we were able
to observe environment coordinators, but a more in-depth analysis would be able to
identify their problems and tailor research customized to helping IT staff.

8.4.4 The Effect of Gaps in Socio-technical Coordination

The RTC empirical investigation is a first look at a weighted gap size measurement. A
few previous studies have examined gaps (ex. [84, 148]) but more studies about their
effects on a team is important. Marczak [148] suggests that not all gaps are detrimen-
tal to the project—that certain organizational constructs cover these gaps. Whether
this is because gaps are not important, or if this is because of a poor conceptualization
of technical relationships is not conclusive.

In addition, additional investigation into communication patterns of teams in crisis
is needed. Two results in this dissertation suggest that crisis affects communication
widely: The Ship empirical investigation reveals that large numbers of emergent
people appear during crisis situations, and the RTC empirical investigation identified
that gap sizes are smallest when builds are not successful. These results require
further research.

8.4.5 Examining the Relationship Between Socio-technical
Congruence and Task Complexity

The evidence in this dissertation suggests that there is a relationship between socio-
technical congruence and build success in certain contexts. However, there are also
instances where certain tasks cannot be completed even if congruence is high. This
suggests that there may be characteristics of the task, or the quality of communication
that affect the success criteria. For instance, one hypothesis for the results of the
RTC study of gap sizes is that because the build was particularly complicated, more
coordination among team members was needed, bridging the gap.
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Future work in the area of the relationship between the fine-grained nature of
the task as well as the quality of coordination would benefit our understanding of
why socio-technical congruence is beneficial in certain situations, but not in others.
A specific methodology would be to investigate builds that failed, but yet had high
congruence in socio-technical congruence.

8.4.6 Evaluating the Multi-variable Socio-technical Coordi-
nation Model

While the model is meant to be generalisable in that it can incorporate most socio-
technical coordination issues when investigating a software project, the model has
not yet been applied to multiple software projects. In particular, the usefulness of
the multi-variable aspect of the model has not been formally evaluated.

The multi-variable congruence model allows a researcher to combine multiple ma-
trices for analysis. While this model was inspired as a result of empirical investigation
of our two empirical investigations, and shows promise, it must be validated on further
cases to prove its usefulness and applicability.

8.5 Conclusion

In this dissertation, I discussed the importance of socio-technical coordination when
studying global software development teams. The goal of this research was to (1)
refine existing conceptualizations of social and technical relationships, (2) overcome
a limitation regarding dichotomized gap sizes, and (3) provide a set of guidelines
for applying socio-technical congruence. I developed a socio-technical congruence
model containing three elements: conceptualization, techniques, and situation mod-
elling based on extant work. I proposed a gap size technique and a template for
socio-technical congruence studies. However, there were still limitations about how
to represent the complex social relationships between software development team
members. These limitations were (1) the difficulty of conceptualizing awareness and
(2) the difficulty of including relevant team members in the model. “”“” To address
these limitations, I conducted two empirical investigations in a global team using
observations, field notes, and email messages. The awareness study of the Ship team
revealed that coordination is not always limited to expert coordination, that experi-
ence and familiarity with team members fills gaps, and that multiple forms of media
are used simultaneously for coordination. The email communication patterns study
of Ship revealed that important communicators include managers and environment
coordinators—people who have no technical dependencies to code and are therefore
not represented in most socio-technical congruence studies. I also examined emer-
gent people and formed an initial model of emergent people based on task and team
boundaries.

I executed a third empirical investigation to study socio-technical congruence in
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a large, global team. I investigated the relationship between socio-technical coordi-
nation and team performance and applied the gap size measurement. I found that
congruence was beneficial for certain types of builds only, and that high congruence
can actually reduce build success probability for integration builds.

I improved the model to suggest refinements of conceptualizations of technical
and social relationships and proposed how to handle important communicators as
well as emergent people. An important communicator is usually a senior development
leader or test leader, but managers and supporting staff are also heavily involved in
interactions with team members. The socio-technical congruence model, as a result of
the modifications, contains three elements: conceptualizations, alignment techniques,
and situation modelling. It describes an accompanying process as well as a template
for future studies. The model also contains a number of guidelines that can be used
when representing socio-technical environments for studying socio-technical congru-
ence. In addition to identifying a number of interesting phenomenon for future study,
this dissertation has also provided guidelines and a template that one can use to for
the study of socio-technical coordination in global software teams.

Though the concrete contribution of this dissertation is described in the form
of the socio-technical congruence model as well as the empirical studies, one of the
values of the model is that it brings to light the benefits and the drawbacks of using
various conceptualizations for socio-technical congruence. It sparks an important
discussion about the inherent theories behind socio-technical congruence. Intuitively,
every team strives for “congruence”, but it is important for a researcher to be able
to identify high-quality conceptualizations of reality for a team while keeping the a
model simple enough to be applicable to multiple cases. Thus, the model not only
examines congruence at the fine-grained level of tasks and dependencies, but also
allows one to take a step back to think about the “big picture” of coordination in a
software organization.
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Middleton, editors, Cognition and Communication at Work, Cognition and
Communication at Work, pages 35–60. Cambridge University Press, 1998.

[204] M Sumner. The impact of electronic mail on managerial and organizational
communications. ACM SIGOIS Bulletin, pages 96–109, 1988. Available from:
http://portal.acm.org/citation.cfm?id=45421.

[205] James Tam and Saul Greenberg. A framework for asynchronous change aware-
ness in collaborative documents and workspaces. International Journal of Man-
Machine Studies, 64(7):583–598, 2006.

[206] John C Tang, Tara Matthews, Julian Cerruti, Stephen Dill, Eric Wilcox, Jerald
Schoudt, Hernan Badenes, and San Jose. Global Differences in Attributes of
Email Usage. Organization, pages 185–194, 2009.

[207] Christoph Treude, Ohad Barzilay, and Margaret-Anne Storey. How do pro-
grammers ask and answer questions on the web? (nier track). In International
Conference on Software Engineering, Waikiki, USA, 2011.

[208] Joshua Tyler, Dennis Wilkinson, and Bernardo Huberman. E-
Mail as Spectroscopy: Automated Discovery of Community Struc-
ture within Organizations. The Information Society, 21(2):143–153,
April 2005. Available from: http://www.informaworld.com/openurl?

genre=article&doi=10.1080/01972240590925348&magic=crossref|

|D404A21C5BB053405B1A640AFFD44AE3, doi:10.1080/01972240590925348.

[209] Joshua R. Tyler, Dennis M. Wilkinson, and Bernardo A. Huberman. Email
as spectroscopy: automated discovery of community structure within organi-
zations. The Information Society, 21(2):143–153, April 2005. Available from:
http://portal.acm.org/citation.cfm?id=966268.

[210] J.R. Tyler and J.C. Tang. When can I expect an email response? A study of
rhythms in email usage. In Proceedings of the eighth conference on European
Conference on Computer Supported Cooperative Work, number September, page
258. Kluwer Academic Publishers, 2003. Available from: http://portal.acm.
org/citation.cfm?id=1241902.

[211] Giuseppe Valetto, Sunita Chulani, and Clay Williams. Balancing the value and
risk of socio-technical congruence. In Socio-Technical Congruence Workshop in
conj. ICSE 2008, Leipzig, Germany, May 2008.

http://hfs.sagepub.com/cgi/doi/10.1518/001872099779577273
http://dx.doi.org/10.1518/001872099779577273
http://dx.doi.org/10.1518/001872099779577273
http://portal.acm.org/citation.cfm?id=45421
http://www.informaworld.com/openurl?genre=article&doi=10.1080/01972240590925348&magic=crossref||D404A21C5BB053405B1A640AFFD44AE3
http://www.informaworld.com/openurl?genre=article&doi=10.1080/01972240590925348&magic=crossref||D404A21C5BB053405B1A640AFFD44AE3
http://www.informaworld.com/openurl?genre=article&doi=10.1080/01972240590925348&magic=crossref||D404A21C5BB053405B1A640AFFD44AE3
http://dx.doi.org/10.1080/01972240590925348
http://portal.acm.org/citation.cfm?id=966268
http://portal.acm.org/citation.cfm?id=1241902
http://portal.acm.org/citation.cfm?id=1241902


214

[212] Giuseppe Valetto, Mary Helander, Kate Ehrlich, Sunita Chulani, Mark Weg-
man, and Clay Williams. Using software repositories to investigate socio-
technical congruence in development projects. In Workshop on Mining Software
Repositories in conj. ICSE 2007, Minneapolis, USA, 2007.

[213] Andrew H. Van De Ven, Andre L. Delbecq, and Jr. Richard Koenig. Determi-
nants of coordination modes within organizations. Americal Sociological Review,
41(2):322–338, 1976.

[214] GD Venolia and Carman Neustaedter. Understanding sequence and reply re-
lationships within email conversations: a mixed-model visualization. of the
SIGCHI conference on Human, (5):361, 2003. Available from: http://portal.
acm.org/citation.cfm?id=642674, doi:10.1145/642611.642674.

[215] Fernanda B Viégas, Scott Golder, and Judith Donath. Visualizing Email Con-
tent : Portraying Relationships from Conversational Histories. Interfaces, pages
979–988, 2006.

[216] Patrick Wagstrom, J.D. Herbsleb, and Kathleen Carley. Decaying socio-
technical congruence as a method to account for architectural changes. In
Workshop on Socio-techical Congruence in conj. Intl. Conf. on Software Engi-
neering, Vancouver, Canada, 2009.

[217] J. B. Walther. Interpersonal Effects in Computer-Mediated Interaction:
A Relational Perspective. Communication Research, 19(1):52–90, Febru-
ary 1992. Available from: http://crx.sagepub.com/cgi/doi/10.1177/

009365092019001003, doi:10.1177/009365092019001003.

[218] Diane B. Walz, Joyce J. Elam, and Bill Curtis. Inside a software design team:
knowledge acquisition, sharing, and integration. Commun. ACM, 36:63–77, Oc-
tober 1993. Available from: http://doi.acm.org/10.1145/163430.163447,
doi:http://doi.acm.org/10.1145/163430.163447.

[219] Stanley Wasserman and Katherine Faust. Social Network Analysis: Methods
and Applications. Cambridge University Press, Cambridge, UK, 1994.

[220] Karl E. Weick and Karlene H. Roberts. Collective Mind in Organizations: Heed-
ful Interrelating on Flight Decks. Administrative Science Quarterly, 38(3):357,
September 1993. Available from: http://www.jstor.org/stable/2393372?

origin=crossref, doi:10.2307/2393372.

[221] Steve Whittaker and Candace Sidner. Email overload : exploring personal
information management of email. In Proceedings of the SIGCHI conference on
Human factors in computing systems: common ground, pages 276–283. ACM,
1996. Available from: http://portal.acm.org/citation.cfm?id=238386.

238530.

http://portal.acm.org/citation.cfm?id=642674
http://portal.acm.org/citation.cfm?id=642674
http://dx.doi.org/10.1145/642611.642674
http://crx.sagepub.com/cgi/doi/10.1177/009365092019001003
http://crx.sagepub.com/cgi/doi/10.1177/009365092019001003
http://dx.doi.org/10.1177/009365092019001003
http://doi.acm.org/10.1145/163430.163447
http://dx.doi.org/http://doi.acm.org/10.1145/163430.163447
http://www.jstor.org/stable/2393372?origin=crossref
http://www.jstor.org/stable/2393372?origin=crossref
http://dx.doi.org/10.2307/2393372
http://portal.acm.org/citation.cfm?id=238386.238530
http://portal.acm.org/citation.cfm?id=238386.238530


215

[222] Steve Whittaker and Candace Sidner. Email overload: exploring personal infor-
mation management of email. In CHI ’96: Proceedings of the SIGCHI confer-
ence on Human factors in computing systems, pages 276–283, New York, NY,
USA, 1996. ACM Press. Available from: http://portal.acm.org/citation.
cfm?id=238530, doi:10.1145/238386.238530.
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[224] Timo Wolf, Adrian Schröter, Daniela Damian, Lucas D. Panjer, and
Thanh H.D. Nguyen. Mining task-based social networks to explore collab-
oration in software teams. IEEE Software, 26(1):58–66, 2009. doi:http:

//doi.ieeecomputersociety.org/10.1109/MS.2009.16.

[225] Heng-Li Yang and Jih-Hsin Tang. Team structure and team performance in is
development: a social network perspective. Inf. Manage., 41:335–349, January
2004. Available from: http://portal.acm.org/citation.cfm?id=972060.

972066, doi:10.1016/S0378-7206(03)00078-8.

[226] Yunwen Ye, Kumiyo Nakakoji, and Yasuhiro Yamamoto. Understanding and
improving collective attention economy for expertise sharing. In Zohra Bel-
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Appendix A

Ship Team Members

The team members that are directly connected to the Ship Tango project are listed
below. Their names have been modified to maintain anonymity. The project experi-
ence was acquired from either interviews, in which we either asked the person directly
or a team member about that person, or from a questionnaire administered at the
beginning of the study (Appendix B).

As noted in Section 4.2.1, the project role is not necessarily stable for the entire
duration of the study.

Name Location Role Project experience
Cathy United States Portfolio manager Unknown
Barry United States Project manager Unknown
Mark United States Senior Development Leader 7 years
Ann United States Development Leader 5 years
John United States System Architect Unknown
Will United States Developer Unknown
Perry United States Developer 4–5 years
Nancy United States Test leader/Tester Unknown
Aaron Brazil Senior developer 3 years
Yun Brazil Developer 1.5 years
Michelle Brazil Developer 1.5 years
Lilly Brazil Tester/Test leader 1.5 years
Adrian Brazil Tester < 1 year
Sammy Brazil (contractor) Tester 1 year
Jason Brazil (contractor) Developer 1 year
Jim Brazil (contractor) Tester 1 year
Ron Brazil (contractor) Developer 1 year
Magda Brazil (contractor) Developer 1 year
Kevin Brazil Environment coordinator Unknown
Thomas United States Environment coordinator Unknown
Dan Brazil (contractor) Developer < 1 year
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Appendix B

Ship Questionnaire

The questionnaire was designed originally by Sabrina Marczak as a part of her re-
search project [148]. Only data from one page (of seven) was used to provide context
for the awareness empirical investigation and the communication pattern study, and
consequently I include only the relevant questions of the questionnaire.
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Dimension 1 – Demographic data 
 
 
1. What is your name? 

     

 
 
 
2. How many years of professional experience in Information Technology area do you have? 

     

 
 
 
3. How many years of professional experience working in multi-site context environment do you have? 
  Over 7 years    4 to 7 years    1 to 3 years    Less than 1 year    
 
 
4. How many years are you working on the current company? 
  Over 7 years    4 to 7 years    1 to 3 years    Less than 1 year 
 
 
5. Where are you located geographically?  Brazil    US    Other: 

     

 
 
 
6. What is your primary work location? 
  Office    Home    Home and Office    Other: 

     

 
 
 
7. Which type of project is “Outbound Infrastructure Improvements Release 1, Iteration 3” project? 
  Maintenance    New development    Other: 

     

 
 
 
8. Which is/was your role in the “Outbound Infrastructure Improvements Release 1, Iteration 3” project? 

 Development Leader 
 Developer  
 Product Manager 
 Project Manager 
 Requirements Analyst 
 System Architect 
 Technical Leader  
 Test Leader  
 Tester 
 Other: 

     

 
 
 
9. When did you join the project? Since: 

 Envisioning phase   
 Planning phase    
 Developing phase  
 Stabilizing phase 
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Appendix C

Human Research Ethics Board
Approval

This research was submitted to the University of Victoria Human Research Ethics
Board under the title, “Investigating Collaboration under Conditions of Change in
Global Software Development”. The principal investigator was Irwin Hin-Bong Kwan,
the co-investigator was Sabrina Marczak, and the supervisor was Daniela Damian.
The start date of the research was November 20, 2006 and the end date was November
19, 2009. The research was given Protocol Number 06-317.

The research was approved by Dr. Richard Keeler on November 20, 2006.
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Appendix D

Publications From This
Dissertation

Portions of this dissertation appear in the following publications.

Referred Journal Publications

Kwan, Irwin; Schröter, Adrian; Damian, Daniela. Does Socio-Technical Congruence
Have An Effect on Software Build Success? A Study of Coordination in a Software
Project. Transactions on Software Engineering, Volume 37 (3): 307–324, 2011. [140]

Refereed Conference Publications

Kwan, Irwin; Damian, Daniela. The Hidden Experts in Software-Engineering Com-
munication (NIER Track). International Conference on Software Engineering, 2011. [137]

Refereed Workshop Publications

Kwan, Irwin; Damian, Daniela. Extending Socio-technical Congruence with Aware-
ness Relationships. Social Software Engineering 2011, in conj. ESEC/FSE, 2011. [136]

Marczak, Sabrina; Kwan, Irwin; Damian, Daniela. Investigating Collaboration Driven
by Requirements Investigating Collaboration Driven by Requirements in Cross-Functional
Software Teams. Collaboration and Intercultural Issues on Requirements: Communi-
cation, Understanding and Softskills, in conj. Requirements Engineering, 2009. [152]

Kwan, Irwin; Schröter, Adrian; Damian, Daniela. A Weighted Congruence Measure.
Socio-technical Congruence Workshop, in conj. Intl. Conference on Software Engi-
neering, 2009. [139]

Kwan, Irwin; Marczak, Sabrina; Damian, Daniela. The Effects of Distance, Experi-
ence, and Communication Structure on Requirements Awareness in Two Distributed
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Industrial Software Projects. Global Requirements Engineering Workshop in conj.
Requirements Engineering, 2007. [138]
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Appendix E

The Socio-technical Congruence
Study Template

For convenience, the socio-technical congruence study template can be found on a
standalone page for reproduction. A digital version of the source file can be found at
http://www.segal.uvic.ca/projects_public/stc-template.pdf/view (PDF)
and
http://www.segal.uvic.ca/projects_public/stc-template.graffle/view

(Omnigraffle).

http://www.segal.uvic.ca/projects_public/stc-template.pdf/view
http://www.segal.uvic.ca/projects_public/stc-template.graffle/view
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Analysis Method

Response Variables

Effect on
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Project

Data

Conceptualization of Technical 
Relationship

Connection to Person

Technical Entity

Technical Dependency

Alignment Techniques

Conceptualization of Social Relationship
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Social Artifact Social Relationship

Target

Relationship to 
Technical

Relationship to 
Technical

Connecting 
entity
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Glossary

actor In social network analysis, an actor is an entity that has edges. In the context
of this dissertation, an actor is a person who can send and receive messages.

alignment technique An element in the socio-technical congruence model that en-
compasses techniques related to calculating the alignment between technical re-
lationships and social relationships. Alignment techniques in the model include
multi-variable modelling, gap sizes, and weighted socio-technical congruence.

awareness Having an understanding of the activities of others that form a context
for your own activities.

broker In social network analysis, an intermediary between two groups. In a commu-
nication network, a broker is a person in between two other people and usually
has power to influence or control the flow of information from one group to
another.

build The process of compiling source code into binaries that are consequently linked
to form an executable. Also refers to the output of such a process.

centrality A social network analysis measurement that identifies how well-connected
a person is to others. Types of centrality include closeness centrality, degree
centrality, and eigenvector centrality..

change set In RTC, a set of files submitted by a developer to the source code repos-
itory. Every change set is submitted by an author, and is associated to a build
and one or more work items.

closeness centrality The average length of the shortest path from this vertex to
every other vertex in the network.

comment In RTC, a written contribution by a developer on a work item. Usually, a
comment provides additional information about a work item that is not in the
work item description.

conceptualization An element in the socio-technical congruence model that en-
compasses what entities and relationships should be represented in the model
to best reflect socio-technical coordination.
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connecting entity An entity that identifies the link between the technical relation-
ships and the social relationships.

degree centrality The number of incoming or outgoing edges to a node.

edge In social network analysis, an edge is a connection between two actors. In the
context of this dissertation, an edge is a communication instance between one
actor and another.

eigenvector centrality The level of connectedness a vertex has to other well-connected
vertices.

emergent person A person included in an online discussion only after an initial set
of recipients has been contacted.

emergent replier An emergent person who replies to a messages in the thread and
thus becomes actively involved in the discussion.

explicit communication Information intentionally sent to others.

gap An instance in socio-technical congruence where a technical relationship between
two people exists, but no social relationship exists between the same two people.

gap size The difference in the number of technical relationships and social relation-
ships in socio-technical congruence. A large gap size suggests that few social
relationships satisfy the existing technical relationships, whereas a small gap
size suggests that many social relationships satisfy the technical relationships.

Iimportant communicator A person who is heavily involved in work-related com-
munication sent throughout a team.

initial recipients The people who receive the first message of the thread. These
recipients are explicitly added by the initial sender.

initial sender The person who sends the first message of a thread..

Management information systems (MIS) A system that provides information
needed to manage organizations effectively.

multi-variable socio-technical congruence An extension of socio-technical con-
gruence that allows the combination of different relationship networks to analyze
alignment.

Rational Team Concert (RTC) A product developed by IBM that integrates mul-
tiple aspects of development, including source-code control, issue tracking, and
the integrated development environment into a single suite of tools.
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Ship The pseudonym for a shipping system being developed by one of the teams
investigated in this dissertation.

situation modelling An element in the socio-technical congruence model that en-
compasses exceptional and interesting situations that should be representable
using a socio-technical congruence conceptualization. Situations include emer-
gent people and the representation of managers, supporting staff, and cus-
tomers.

social actor A person or organization in a social network. Represented as an actor.

social artifact An artifact created as a byproduct of a social relationship, such as
an email message.

social network A structure that represents relationships between people. A social
network can be represented as a graph G such that G = V,E where V is a set
of vertices and E is a set of edges which are two-element subsets of V .

social network analysis (SNA) A quantitative analysis technique that represents
actors and the connections between actors as a network, and identifies the prop-
erties of such a network.

social relationship A relationship between two team members that represents co-
ordination that happens in reality. Examples of a social relationship is when
one person sends an email to another.

social relationship network A social network where the relationships between the
actors in the network are social relationships.

socio-technical congruence A measurement of alignment between social relation-
ships and technical relationships. If a social relationship exists where there
also exists a technical relationship, then the relationship is satisfied. The socio-
technical congruence index is calculated as the number of satisfied relationships
over the total number of technical relationships.

socio-technical congruence model A representation of socio-technical congruence
that describes, in general, how socio-technical congruence should be conceptu-
alized in order to study socio-technical coordination in an organization.

team mental model The organized mental representations of the key elements within
a team’s relevant environment that are shared across team members.

technical assignment A relationship between a technical entity and a person.

technical dependency A type of dependency between two technical entities.
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technical entity An entity in a project that can be worked on by a person or a
group. Examples of a technical entity include a source code file, a compiled
binary, a requirement, a task, or a bug.

technical relationship A relationship that indicates that one person is dependent
on another person. This relationship is calculated based on a person’s work
assignments and work dependencies.

technical relationship network A social network where the relationships between
the actors in the network are technical relationships.

thread An aggregation of email messages with the same subject title. Generally, an
email thread contains messages that are replies to a previous message..

weighted socio-technical congruence A representation of socio-technical congru-
ence where each social relationship in a social relationship network and each
technical relationship in a technical relationship network has a value. Unlike in
unweighted socio-technical congruence, the values can be values other than 0 or
1.

work item In RTC, a description of an issue. Usually, a work item describes a defect
or a feature, and is repaired by a change set..
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