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INTRODUCTION

Over the past couple of decades, geographically distributed work has become
pervasive and software development organizations are no exception. Factors such as
access to talent, acquisitions and the need to reduce the time-to-market of new products
are the driving forces for the increasing number of geographically distributed software
development (GDSD) projects (Herbsleb & Moitra, 2001; Karolak, 1998). Unfortunately,
this new trend has its costs. Distance leads to numerous problems in communication and
coordination, and ultimately, impacts the performance of software development teams
(Herbsleb et al, 2000; Herbsleb & Mockus, 2003). The failure to identify work
dependencies among developers or development teams results in coordination problems.
A growing body of work on coordination in software development suggests that the
identification and the management of dependencies is a fundamental challenge in
software development organizations, particularly in those that are geographically
distributed (some examples are: Cataldo et al, 2007; de Sourza, 2005; Grinter et al, 1999;
Herbsleb et al, 2000; Herbsleb & Mockus, 2003). The modular product design and
organizational theory research streams could inform the design of software development
organizations so they are better able to identify and manage work dependencies.
However, we first need to understand the assumptions of the different theoretical views

and how those assumptions relate to the characteristics of software development tasks.

The Nature of Software Development and Modular Design

The idea of dividing a complex task into smaller manageable units is consistent
with the reductionist view (Simon, 1962; von Hippel, 1990) which is well developed in
the product development literature (Eppinger et al, 1994). Projects, typically, have a
general description of the system’s components and their relationships or a more detailed
report such as architectural or high-level design document. Managers use the information
in those documents to divide the development effort into work items that are assigned to
specific development teams minimizing the interdependencies among those teams
(Conway, 1968; Eppinger et al, 1994; Sullivan et al, 2001). The modularization

theoretical perspective has received attention in three streams of research: the system and



product design literature (e.g. Conway, 1968; Eppinger et al, 1994), the strategic
management literature (e.g. Baldwin & Clark, 2000) and the software engineering
literature (e.g. Parnas, 1972; Sullivan et al, 2001). All three theoretical perspectives argue
that reducing the technical interdependencies among modules, task interdependencies are
reduced, which consequently, reduces the need for communication among work groups.
Unfortunately, there are several problems with these assumptions in the context of
software development. First, existing software modularization approaches only use a
subset of the technical dependencies, typically syntactic relationships, of a software
system (Garcia et al, 2007). Then, potentially relevant work dependencies might be
ignored. Secondly, recent empirical evidence indicates that the relationship between
product structure and task structure is not as simple as previously assumed. Moreover, the
theorized similarity between product and task structures diminishes over time (Cataldo et
al, 2006). Thirdly, promoting minimal communication between teams responsible for
interdependent modules is problematic. Recent studies suggest that minimal
communication between teams, collocated or distributed, is detrimental to the success of
projects (de Souza et al, 2004; Grinter et al, 1999; Yassine et al, 2003). Yet another
problem associated with the assumptions of modular design is the nature and stability of
the interfaces between software modules. De Souza (2005) encountered that interfaces
tended to change often and their design details tended to be incomplete, leading to serious
integration problems. Moreover, Cataldo and colleagues (2007) presented case studies
where even simple interfaces between modules developed by remote teams create
coordination breakdown and integration problems. These findings argue that the
interfaces between software modules might differ in complexity and, often, it is not
possible to specify those interfaces at the necessary level of detail, increasing the
likelihood of future changes to them. This lack of stability represents a constant challenge
for software development organizations.

In sum, the modularization approach is a very useful tool for dividing the
development of a complex software system into manageable units. However,
modularization is not a sufficient representation of work dependencies in software
development activities. The relationship between the task dependency structure and the

product structure is not as simple as theorized. Appropriate mechanisms are then required



to identify relevant work dependencies and, consequently, maintain suitable levels of
communication and coordination among teams developing interdependent modules,

particularly, in the case of geographically distributed software development.

The Nature of Software Development and Interdependency Theories

The organizational theory literature has proposed numerous mechanisms for
handling interdependencies among tasks (e.g. Crowston, 1991; Galbraith, 1973; March
and Simon, 1958; Thompson, 1967). However, those perspectives are appropriate for
stable and enduring task structures because they rely on the assumptions of determinism
and stability (Staudenmayer, 1997). Unfortunately, there are several characteristics of
software development activities that limit the applicability of traditional organizational
theories as well as the more recent computational and mathematical organizational theory
work. First, it is widely accepted among software engineering researchers and
practitioners that the requirements of the system become known over time or those
requirements change as time progresses (Leffingwell & Widrig, 2003). In some cases the
changes in the requirements result in minor alterations of specific development tasks. In
other cases, new features have to be added or features under development are eliminated.
These events introduce a certain level dynamism in software development that challenges
the determinism and stability assumptions of the information processing views of
interdependency.

Secondly, the dynamic nature of finer-grain dependencies that arise as part of the
development of a piece of code is not well suited for traditional organizational theories of
coordination. The act of developing a software system consists of a collection of design
decisions, either at the architectural level or at the implementation level. Those design
decisions introduce constraints that might establish new dependencies among the various
parts of the system, modify existing ones or even eliminate dependencies. The changes in
dependencies can generate new coordination requirements that are quite difficult to
identify a priori, particularly when they are not obvious, or as a project matures over time
(Henderson & Clark, 1990; Sosa et al, 2004). Failure to discover the changes in
coordination needs might have a profound impact on the quality of the product (Curtis et
al, 1988) and on productivity (Herbsleb & Mockus, 2003). In addition, little is known



about the specific impact of the various types of dependencies that arise among parts of a
software system such as explicit versus implicit dependencies or syntactic versus logical
dependencies. Then, the use of the computational and mathematical organizational theory
approaches is limited because of the lack of theoretical framework that guides the
modeling of the relationships between the organizational tasks, their dependencies and
the need to communicate and coordination.

In sum, software development tasks are embedded in an evolving network of
coordination requirements that need to be satisfied. The coarse-grain and idealized
approaches suggested by the organization theory literature are not appropriate to identify
and manage such a dynamic web of interdependencies. A finer-grain view of
coordination would provide a better framework in dynamic knowledge-intensive tasks

such as software development.

Research Questions

The limitations of the current mechanisms for identifying and managing
dependencies in geographically distributed software development organizations discussed
in the previous sections led to the following general research questions addressed by this
dissertation:

RQ 1: How relevant task dependencies can be identified from technical dependencies?
RQ 2: What is the impact of those task dependencies on traditional outcome variables

such as productivity and quality?

A FRAMEWORK FOR IDENTIFICATION OF WORK
DEPENDENCIES

The Concept of Socio-Technical Congruence
The concept of socio-technical congruence proposed in this dissertation builds on
the idea of “fit” from the organizational theory literature (Burton & Obel, 1998; Carley &

Ren, 2001; Levchuck et al, 2004) and from a mathematical stand point builds on the



meta-matrix model from the dynamic network analysis literature (Carley, 2002;
Krackhardt & Carley, 1998). Combining those two lines of research allows for two
important contributions to the literature. First, the socio-technical congruence framework
presented here provides a fine-grain level of analysis. Secondly, the measure facilitates
assessing the role of coordination activities in multiple and complementary ways as well
as examining the impact of several types of dependencies.

Formally, socio-technical congruence is defined as the match between the
coordination requirements established by the dependencies among tasks and the actual
coordination activities carried out by the workers. In other words, the concept of
congruence has two components, coordination needs and coordination activities, and the

following sections discuss the mathematical framework to measure them.

Identification of Coordination Requirements

In order to identify which set of individuals should be coordinating their
activities, we need to represent two sets of relationships. One set is represented by which
individuals are working on which tasks. The relationships or dependencies among tasks
represent the second element. Assignments of individuals to particular work items is be
represented by a people X task matrix where a one in cell ij indicates that worker i is
assigned to task j. I will refer to this matrix as Task Assignments (Ta). Following the
same approach, the set of dependencies among tasks can be represented as a square
matrix where a cell ij (or cell ji) indicates that task i and task j are interdependent. | will
refer to this matrix as Task Dependencies (Tp). Now, if the Task Assignment and Task
Dependencies matrices are multiplied, a people by task matrix is obtained that represents
the set of tasks a particular worker should be aware of, given the work items the person is
responsible for and the dependencies of those work items with other tasks. Finally, a
representation of the coordination requirements among the different workers is obtained
by multiplying the product of the Task Assignment and Task Dependencies matrices by
the transpose of the Task Assignment matrix. This product results in a people by people
matrix where a cell ij (or cell ji) indicates the extent to which person i works on tasks that
share dependencies with the tasks worked on by person j. In other words, the resulting
matrix represents the Coordination Requirements or the extent to which each pair of



people needs to coordinate their work. Formally, the Coordination Requirements matrix

is determined by the following product:
CR=Ta*Tp*Ta" (Equation 1)

where, Ta is the Task Assignments matrix, Tp is the Task Dependencies matrix and Ta'

is the transpose of the Task Assignments matrix.

Measuring Socio-Technical Congruence

Given a particular Coordination Requirements matrix constructed from relating
product dependencies to work dependencies, we can compare it to an Actual
Coordination (Ca) matrix that represents the interactions workers engaged in through
different means of coordination. | refer to the match between those to matrices as socio-
technical congruence. Then, given a particular set of dependencies among tasks,
congruence is the proportion of coordination activities that actually occurred (given by
the Actual Coordination matrix) relative to the total number of coordination activities that
should have taken place (given by the Coordination Requirements matrix). For example,
if the Coordination Requirements matrix shows that 10 pairs should coordinate, and of
these, 5 show Actual Coordination interactions, then the congruence is 0.5. Formally, we

define congruence as follows:

Diff (Cgr, Ca) =card { diffij | crij>0&ca; >0 }
|Cr| =card {cr;>0}

We have,
Congruence (Cg, Cp) = Diff (Cgr, Ca) / |Cg| (Equation 2)

The value of congruence belongs to the [0,1] interval that represents the
proportion of coordination requirements that were satisfied through some type of
coordination activity or mechanism. The measure of socio-technical congruence proposed

here provides a new way of thinking about coordination, particularly, by providing a fine-



grain level of analysis of different types of product dependencies and allowing us to

examine how coordination needs are impacted by them.

EMPIRICAL STUDIES

Study I: Congruence and Development Productivity

Identifying work dependencies and determining the appropriate coordination
mechanisms to address the dependencies is not a trivial problem in geographically
distributed software development. Numerous types of work, for instance non-routine
knowledge-intensive activities such as software development, are potentially full of fine-
grain dependencies that might change on a daily or hourly basis. Conventional
coordination mechanisms like standard operating procedures or routines would have very
limited applicability in these dynamic contexts. Failure to identify the new needs for
coordination and information exchange might hinder the organization’s ability to adapt to
changes in their competitive environment (Henderson & Clark, 1990). This study
represents the first step in the examination of how the gaps between coordination needs
and actual coordination activity impact productivity in the context of geographically
distributed software development activities. The analysis presented in this study also

explores the dynamic evolution of coordination requirements.

Research Setting

Data from a large geographically distributed development effort were used to
examine the stability of coordination requirements over time and the relationship between
congruence and resolution time of modification requests. A total of 2375 multi-team
modification requests were identified. Those modification requests belonged to the first

four releases of the product in which 114 developers worked fulltime.



Key Results
This study evaluated a measure coordination that extends traditional

conceptualizations of coordination by taking a fine-grain level of analysis to better
examine the mismatches between dependencies and coordination activities. Those gaps
could have major implications for the productivity and the quality of the output of
product development organizations (Curtis et al, 1988; Espinosa, 2002; Herbsleb &
Mockus, 2003; Sosa et al, 2004). The results suggested that the congruence framework
provides a useful mechanism to examine how coordination needs that are not satisfied
impact software development productivity. When the developers coordinate their task
with the relevant set of workers, development productivity increases. | also addressed the
dynamic nature of dependencies that exist in complex tasks such as software
development. Individuals have difficulties identifying task interdependencies that are not
obvious or explicit (Sosa et al, 2004) and the developers’ ability to recognize
dependencies diminish as coordination requirements change over time (Henderson &
Clark, 1990). For these reasons, volatility in the coordination requirements represents a
major hurdle for work groups and, particularly, for those that are geographically
distributed. Collaborative tools could play an important role in reducing the gap between
recognized and actual interdependencies. It would be highly desirable for future tools to
be able to assess the characteristics of the task and assist the users in identifying and
dealing with dependencies unknown a priori or that emerged as a consequence of the
evolving characteristics of tasks. The congruence measure provides a framework for
those future tools.

The results showed the product structure-task structure relationship is not as
simple as theorized. Modularization technigues in software development only consider
one type of technical dependencies, syntactic relationships (Garcia et al, 2007). That
limitation manifested clearly in the results. The empirical evaluation of the congruence
framework showed the importance of understanding the dynamic nature of software
development which is not necessarily captured by the traditional way of thinking about
technical dependencies in software: syntactic relationships. The analysis indicated that
logical dependencies provide a more accurate representation of the most relevant
technical dependencies in software development projects.



Study I1: The Structure of Dependencies, Congruence and Product Quality

Customer reported software faults are, arguably, caused by violation of
dependencies that are not recognized by the developers implementing a software system.
Those dependencies could stem from various sources such as technical properties of the
system under development and how the development work is organized. The software
engineering literature suggests several types of technical dependencies. One form of
software dependencies are syntactic relationships among modules of a system that are
reflected in the code by the definition and use of functions, methods, variables and other
programming language constructs. This line of work found that higher levels of coupling
are related to higher levels of failure proneness of a software system. However, syntactic
dependencies are only one approach for representing the structure of a software system.
In more recent work in the software evolution literature, Gall and colleagues (1998)
examined the evolution of changes to modules to identify logical dependencies. The
approach attempts to uncover dependencies among modules that are not explicitly
identified by traditional syntactic approaches. However, no prior study has examined the
combined impact of logical and other types of technical dependencies on the failure
proneness of a software system. Hence, further study of this relationship is required.

Human and organizational factors may also affect the quality of a software
system. The level of interdependency between tasks tends to drive communication and
coordination among workers (Galbraith, 1973; von Hippel, 1990). However, recent
studies of coordination in software development suggest that the identification and
management of technical dependencies is a challenge in software development
organizations, particularly, when those dependencies are semantic rather than syntactic
(e.g. Cataldo et al, 2007; de Souza, 2005; Grinter et al, 1999). Then, appropriate levels of
communication and coordination may not occur, potentially decreasing the quality of a
system (Curtis et al, 1988; Herbsleb et al, 2006). Consequently, it is important to
understand how work dependencies and the coordination behavior of developers impact
the failure proneness of a system.

10



This goal of this study is three-fold. First, I examine how syntactic and logical
dependencies relate to a software system’s failure proneness. Secondly, | incorporate in
the analysis of failure proneness the role of work development. Thirdly, the developers’
ability to coordinate their work congruently with regards to the coordination needs is
considered. In sum, | examine how work-related factors affect the quality of software
system above and beyond the technical dependencies among the various parts of that

software system.

Research Setting

Data from two distinct large development projects from two unrelated companies
were used in this study to examine the relationship between dependencies, congruence
and failure proneness. | build a dataset containing 8,257 modification requests covering
the first four releases of the product from the project used in study I. The second project
was a large embedded system for a telecommunications device. In this case, the dataset

contained 7000 modification requests associated with the last six releases of the product.

Key Results
The study reported in this chapter has several important contributions to the

software engineering literature. First, the study examined the impact that syntactic,
logical and work dependencies have, simultaneously, on the failure proneness of a
software system. All three types of dependencies are relevant and their effect is
complementary suggesting their independent and important role in the development
process. Consistent with past results, the analysis showed that source code files with
higher number of syntactic dependencies were more prone to failure. More importantly,
the results also showed that source code files with higher number of logical dependencies
are more likely to exhibit field defects. In addition, this study is the first analysis that
highlights the importance of the structure of the logical relationships. The results showed
that software modules with logical dependencies to other highly interconnected files were
less likely to exhibit customer-reported defects. Then, this finding suggests a new view of
product dependencies with significant implications regarding how we think about
modularizing the system and how development work is organized. The effect of the

11



structure of the network of product dependencies elevates the idea of modularity in a
system to the level of “clusters” of source code files. Then, those highly inter-related sets
of files become the relevant unit to consider when development tasks and responsibilities
are assigned to organizational groups.

A second significant contribution of the study is the recognition and the
assessment of the impact the engineers’ social network has on the software development
process. The results showed that individuals that exhibited a higher number of workflow
dependencies and coordination requirements were more likely to introduce defects in the
files they worked on. These findings suggest the potentially detrimental effect of the
additional effort on the part of a developer that needs to receive work from or coordinate
with multiple people and manage those relationships accordingly in order to perform the
tasks.

Finally, the study has two additional important contributions. The empirical
analysis was replicated across two distinct projects from two unrelated companies
obtaining consistent results. Then, this study exhibits strong external validity, a factor
typically neglected in the software engineering literature. In addition, the statistical
models proposed in this chapter showed significantly higher level of predictive power
than recent proposed models of failure proneness (Nagappan & Ball, 2007) that focused
on the role of traditional factors such as syntactic dependencies and churn metrics.

Study I11: The Evolution of Coordination Behavior

The limitations of the modular design approach discussed in the introduction
could be overcome to some extent by promoting and fostering appropriate
communication and coordination among the appropriate set of formal teams.
Organizational and geographic barriers to communication could be overcome by
individuals in key roles who facilitate and promote the interaction between teams (Allen,
1977; Ancona & Caldwell, 1992; Hauschildt & Schewe, 2000). Several definitions of
those key positions have been proposed in the product development literature (Hauschildt
& Schewe, 2000). Examples are “alliance champion”, “external liaison”, “gatekeeper”,

12



and “process promoter”. Although those definitions differ slightly from each other in
their theoretical underpinnings, the overarching theme is that those individuals perform a
different type of activity than the rest of the members of a R&D group and their task is
critical for the success of a project. Those key people have access to different sources of
information and they are capable of synthesizing the information in a way useful for the
various groups so they can to better perform their development activities (Hauschildt &
Schewe, 2000).

The use of “liaison” or “gatekeepers” to manage the dependencies between teams
has also been proposed as a mechanism for facilitating coordination in geographically
distributed software development (Sangwan et al, 2006). As engineers perform their
development tasks, critical information and knowledge about the parts of the system
involved in the tasks at hand is exchanged. As software development tasks change over
time, developers get the opportunity to gain access to new information and knowledge
about the technical properties of different parts of the system. This system of social
relationships, which I will refer to as a Coordination Network, is an evolving entity. If
gatekeepers are strategically embedded in the coordination networks, they can acquire the
necessary knowledge to discover the relevant technical and task dependencies.

In this study, | present a longitudinal examination of how coordination networks
evolve using data collected from a large geographically distributed software development
project. In addition, data a second geographically distributed project was used to replicate
a portion of the statistical analysis that explored the relationship between coordination

patterns and individual-level productivity.

Research Setting

The coordination-related data associated the dataset from study | were used to
examine the evolution of coordination patterns among developers. Given the particular
patterns of communication tools usage in the project, | focused on analyzing data from
the two primary means of communication and coordination: the online-chat system (IRC)

and the MR tracking system.
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Key Results
This study presented a longitudinal analysis of coordination activities in a

geographically distributed software development project. The results showed that
developers that are positioned centrally in the social system of information exchanges and
coordination perform a critical bridging activity across formal teams and geographical
locations. These findings are consistent with past research highlighting the critical role
“liaisons” individuals play in the performance of teams and projects (Ancona &
Caldwell, 1992; Hauschildt & Schewe, 2000). However, the analysis also revealed those
same individuals contributed the most to the development effort. More interestingly, in
the research setting, the “liaisons” emerged over time from each development group,
contrary to view typically discussed in the literature where these key roles are formally
established (Ancona & Caldwell, 1992; Hauschildt & Schewe, 2000, Sangwan et al,
2006).

The analysis also showed that the patterns of coordination were relatively stable.
In fact, the stability of the coordination patterns increased over time on both means of
communication, MR and IRC, used by the development organization. These findings are
consistent with past research indicating once established patterns of communication and
coordination resist change (Henderson & Clark, 1990). Moreover, Henderson and Clark
(1990) argued that the stability of the communication paths could be detrimental to the
development organization because those communication conduits might not be the
appropriate ones when the product structure changes. This line of research highlights the
potential detrimental effects of the stability of patterns of communication and
coordination. On the other hand, stable patterns of communication and coordination with
particular structure might have benefits in relation to changes in the product structure. For
instance, the core-periphery structure found in our research setting involved members of
all development teams. One could argue that such structure could act as a “council”
where relevant pieces of information from all parts of the system are shared and
understood. Then, the changes in dependencies introduced by modifications in the
product could be more easily identified. Recognizing the changes in dependencies might

be significantly more challenging in other types of structures such as hierarchies.
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CONTRIBUTIONS AND LIMITATIONS

Contributions

This dissertation has important theoretical and empirical contributions to the
software engineering, CSCW and organizational literatures. In terms of theoretical
contributions, this dissertation presented a fine-grain view of coordination that addresses
the limitations of traditional approaches from the organizational theory literature. The
proposed framework for measuring socio-technical congruence provides the necessary
machinery to examine the consequences of coordination requirements that are not
satisfied. In addition, the congruence framework provides the sufficient flexibility to
consider multiple types of product dependencies and their implications on the work
dependencies encountered by product development organizations.

This dissertation also has significant empirical contributions. First, the empirical
evaluation of the congruence framework showed the importance of understanding the
dynamic nature of software development. Identifying the “right” set of product
dependencies that determine the relevant work dependencies and coordinating
accordingly has significant impact on reducing the resolution time of modification
requests. The analyses showed traditional software dependencies, such as syntactic
relationships, tend to capture a relatively stable view of product dependencies that is not
representative of the dynamism in product dependencies that emerges as software
systems are implemented. On the other hand, logical dependencies provide a more
accurate representation of the most relevant product dependencies in software
development projects. The statistical analyses showed that when developers’ coordination
patterns are congruent with their coordination needs, the resolution time of modification
requests was, on average, reduced by 32% when considering the collective effect of all
four measures of congruence. Generalizing, the empirical examination of the congruence
framework and coordination patterns showed the tight relationship between team design,
coordination and performance providing an important contribution to the organizational

literature.
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Secondly, this dissertation moves forward our understanding of the relationship
between product and work dependencies and software quality. Study Il showed that
logical dependencies among software modules and work dependencies are two of the
most relevant factors affecting the failure proneness of software modules. For instance,
the statistical analyses indicated that a unit increase in logical dependencies increased
twice as much the likely of failure relative to the impact of syntactic dependencies. In
addition, the proposed statistical models that included the different types of technical and
work dependencies exhibit significantly better predictive power than recent models (e.g.
Nagappan & Ball, 2007) that consider traditional factors such syntactic dependencies and
churn metrics.

Finally, study Il presented a longitudinal analysis of coordination activities in a
geographically distributed software development project. The results showed that
approximately 20% of the developers were positioned centrally in the social system of
information exchanges and coordination activities performing a critical bridging function
across formal teams and geographical locations. In addition, those same individuals
contributed the between 50% and 65% to the development effort in terms of
implementing the software system in each released covered by the data. The analysis also
revealed that the patterns of coordination become stable over time, and those patterns
were only partially driven by the coordination requirements of the development tasks.

Limitations

It is also important to highlight some of the limitations of the work reported in
this dissertation. First, the measures proposed as part of the congruence framework are
contingent on assumptions about the software development processes used in the
development organization as well as usage patterns of tools that assist the development
effort such as defect tracking and version control systems. One key assumption is the
possibility to identify (1) the set of source code files that were changed as part of a
modification request and (2) the developers that made those changes. For instance, a
policy of source code file ownership by particular developers could potentially bias the
congruence measures. Developers that own a particular source code might appear as

participants in the development effort associated with a modification request, however,

16



that might not be the case. In other cases, such as open source projects, the nature of the
work in certain project is such that the information about which files changed together as
part of a modification request is almost impossible to reconstruct in a reliable way.

The alternative approach of computing coordination requirements based on
syntactic relationships also has its limitations. The method relies on tools that can reliably
extract the dependency information among software modules for a specific programming
language. More importantly, projects that use multiple programming languages will
represent a challenge, particularly, in terms of determining syntactic dependencies that
involve modules written in different programming languages.

Another limitation of the work presented in this dissertation is a potential concern
for external validity of some of the empirical analyses. For instance, study | examined
only one system with particular properties that might be conducive to support the results
found by the analysis. However, the processes and tools used by the development
organization are commonplace in the software industry. Moreover, the general technical
characteristics of the system are similar to other types of distributed systems developed
into products in the software industry. Hence, | think the results are generalizable,
particularly, in the context of development organizations responsible for delivering
complex software systems.
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