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Abstract 

This paper proposes and examines a model of the relationship between elements 
of product design and software quality in open source software (OSS) 
development projects. Research suggests that product design, or product 
architecture, affects work processes and outputs in the production of goods and 
services. In the case of software, we therefore hypothesize that product 
architecture affects characteristics of subsequent code contributions, which in turn 
affect product quality. An analysis of 203 software releases in 46 OSS projects 
hosted on SourceForge.net lends support for the hypothesized relationship 
between software modularity and software development, suggesting that the 
degree of software modularity is positively associated with the number of 
contribution opportunities and the number of code contributions, and negatively 
associated with contribution size. In addition, we find that software modularity is 
associated with reduced software complexity, one common measure of software 
quality. Surprisingly we find that software modularity is associated with an 
increased number of static software bugs and number of bugs reported, additional 
measures of software quality. However, opportunities to contribute mediates the 
relationship between degree of modularity and number of static bugs and bugs 
reported to yield the expected relationship between modularity and bugs. In 
addition to proposing and testing relationships between elements of software 
development and software quality, we introduce new measures of modularity and 
software quality. Implications are developed for the theory of modularity and the 
practice of software development.  
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Design for Quality: The Case of Open Source Software Development 
 

Introduction 

Open Source Software (OSS) development is one of the most prominent examples of the 

voluntary, distributed, and decentralized production of digital goods over the Internet. Volunteers 

around the world use the Internet to contribute software, which is then freely available for others 

to use and alter. Prominent and successful examples of OSS projects include Apache, Linux, and 

Mozilla Firefox. Apache, for example, comprises over fifty percent of web server market share 

(Wheeler, 2007), and Firefox is one of the most popular web browsers with 37.2% market share 

in January 2008 (W3Schools, 2008). In addition, organizational adoption and investment in OSS 

products continues to increase. For example, IBM employs over 600 programmers dedicated to 

Linux (BusinessWeek, 1/31/2005). Moreover, organizations used 26% more OSS applications in 

2007 than 2006 (OpenLogic, 1/22/2008). Not only are organizations using OSS products, many 

are exploring how to incorporate OSS development methods into their existing software 

development practices and how to create internal OSS projects within the organization itself (e.g. 

Dinkelacker & Garg, 2001; Dinkelacker, Garg, Miller & Nelson, 2002; Sharma, Sugumaran & 

Rajagopalan, 2002). 

At first glance, people who volunteer in the distributed and decentralized production of 

digital goods seemingly come together almost randomly to create high-quality products. These 

community-based projects lack traditional mechanisms to organize work that have been 

theorized to be important in work design in the past. For example, these projects lack labor 

contracts and job descriptions to guide and enforce work behavior (e.g., Jensen & Meckling, 

1976; Milgrom & Roberts, 1992). They have minimal formal managerial task definition and 

assignment mechanisms used to organize work processes in comparison with traditional 
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organizations (e.g., Emery & Trist, 1960; Hackman, 1977; Taylor, 1911, reprinted 2001). These 

projects also lack organizing mechanisms used in traditional software development projects, such 

as project timelines, requirements definitions, project budgets, and coordination mechanisms 

(e.g. Faraj & Sproull, 2000; Kraut & Streeter, 1995). In the absence of many of the formal 

mechanisms used in traditional organizations and software development, other types of structure 

and mechanisms have emerged that influence development behavior in community-based OSS 

projects. Tools such as mailing lists, discussion boards, and bug reports help to structure 

communication among members and developers, which influences the software development 

process as ideas are exchanged and decisions are made (Mockus & Fielding, 2000; Raymond, 

2000; Scacchi, 2001; Scacchi, 2002). As projects mature, social norms emerge and subsequently 

guide the acceptance of code patches and allocation of commit privileges to help ensure software 

quality (O’Mahoney & Ferraro, forthcoming; O’Mahoney & Ferraro, 2005).1 The ideology of the 

project community has also been found to affect project developer attraction and retention as 

well as output from the development process (Stewart & Gosain, 2006). Finally, the flexibility of 

the OSS license associated with the software has been found to affect user interest in the project 

and software development effort (O’Mahoney, 2003; Stewart, Ammeter, & Maruping, 2006).  

While these mechanisms are important in guiding participation in these community-based 

OSS projects, other structures may more directly affect aspects of the software development 

process, such as coordination effort among developers and comprehension and understanding of 

the software design. One such structure is product design or product architecture. Research in 

other domains, for example the production of tangible goods and services, suggests that product 

                                                
1 OSS projects use software called source code repositories to manage changes to the source files over time. Many 
projects only allow a small group of developers to make changes to the files stored in the repository, which then 
propogates the changes to other users. This write access to the repository is commonly referred to as a commit 
privilege. 
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design affects work processes and work outputs (Baldwin & Clark, 2000). One important 

concept used to characterize product architecture, degree of modularity, has been theorized to be 

particularly important for both work process and work output. For example, increasing 

modularity should reduce information processing requirements (March & Simon, 1993). It 

should also decrease coordination effort and increase task independence, which should then 

improve task performance and innovation outcomes (Johnson, 2002; MacCormack, Rusnak & 

Baldwin, 2006; von Hippel, 1990). In the domain of conventional software development, 

increasing modularity is theorized to increase software quality and reduce programmatic effort 

(Parnas, Clements & Weiss, 1984; Sullivan, Griswold, Cai & Hallen, 2001). However, we lack 

systematic empirical evidence to support these claims for both traditional product development 

and software development (Liu & Iyer, 2007; MacCormack, Rusnak, & Baldwin, 2007). 

Previous empirical work primarily consists of case studies, providing anecdotal evidence at best 

as theoretical support. One reason for the lack of empirical tests of these theoretical claims stems 

from the difficulty associated with measuring degree of modularity, because accurately assessing 

the patterns of interdependencies that exist within a product’s architecture proves challenging. 

Community-based OSS development is a unique context in which to examine the effects 

of product architecture on product development for several reasons. First, community-based OSS 

development is relatively free of formal organizational influences, so the independent effects of 

product architecture should be easier to detect and model. Second, as previously mentioned, OSS 

is a well-established and important phenomenon itself, with many successful projects and 

increasing organizational adoption and investment. Third, the population of OSS projects is 

sufficiently large and varied that it is possible to compare differences in work processes and 

project outcomes. Fourth, software offers a unique opportunity to assess product modularity, 
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since characteristics of the software architecture can be extracted by examining the source code. 

Finally, because OSS development is conducted via the Internet, characteristics of the product, 

work performed, and product quality can be observed and measured relatively easily. We explore 

how the design characteristics of the software itself will influence the work behavior and 

software quality in community-based OSS projects. We draw upon theoretical perspectives from 

organization theory and software engineering literature to develop our ideas. 

Theoretical perspective 

Product design, applicable to both traditional tangible goods as well as software 

development, consists of various elements, including design or product features, design 

parameters or product attributes, and design structure or product architecture (Baldwin & Clark, 

2000; Ulrich & Eppinger, 2004). While product feature sets describe a product’s functionality 

and the product attributes describe characteristics such as size and color, product architecture 

describes the relationships among the functioning components within a product. These 

relationships among components within a product are much more likely to affect product 

development overall than the feature set or user interface design, since these relationships likely 

affect coordination effort and developer comprehension of the product’s functionality.  

Modularity is an important concept used to characterize product architecture in both 

tangible goods as well as software, and describes the degree to which components within a 

product are independent of one another. This degree of component independence should then 

directly affect task coordination and independence in product development, and subsequently 

affect development outcomes. We therefore study this characteristic of product design, degree of 

modularity, and seek to answer the research question: How does degree of product design 

modularity affect software development and software quality in community-based OSS projects? 
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We define software development as comprising code contributions accepted by the community.2 

A code contribution could entail adding a new component, modifying an existing component, or 

deleting an existing component.3 Code contributors are people who make contributions to the 

software.  

In general, product modularity is a strategy for efficiently organizing complex products, 

and is particularly useful in software (Baldwin & Clark, 1997). Modularity describes the degree 

to which components within a product or system are independent or loosely coupled from one 

another, yet function as an integrated whole using interfaces (Baldwin and Clark, 2000; Sanchez 

and Mahoney, 1996). Conceptually, modular systems are comprised of components “that are 

designed independently but still function as an integrated whole” (p. 86, Baldwin & Clark, 

1997). Interfaces “describe in detail how the [components] will interact, including how they will 

fit together, connect, and communicate” (p. 86, Baldwin & Clark, 1997). Modularity is related to 

a product’s architecture, defined as “the scheme by which the function of the product is allocated 

to physical components” (p. 240, Ulrich, 1995). Components refer to “a separable physical part 

or subassembly… or distinct region of the product” (p. 421, Ulrich, 1995). Relationships among 

individual components are described by coupling, such that “two components are coupled if a 

change made to one component requires a change to the other component in order for the overall 

product to work correctly” (p. 422, Ulrich, 1995). Products with a low degree of modularity are 

considered highly integrated products, because the functionality is tightly coupled and 

interdependent, regardless of the number of components. Refer to Figure 1 for a conceptual 

illustration of product modularity, applicable to both traditional products as well as software. 

                                                
2 The process by which contributions are accepted into the community varies across projects, and is not specifically 
examined in this paper. 
3 General community discussion and communication, such as requests for new features or problem reports, are not 
considered code contributions in this research, because they do not directly alter the product. 
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----------------------------------------- 
Insert Figure 1 about here 

----------------------------------------- 

Product modularity should subsequently affect product development. Modularity 

facilitates task decomposition, which is a strategy for efficiently organizing the work necessary 

to create the products (Simon, 1969). More specifically, as a product becomes more modular, the 

process of dividing a larger task into smaller subtasks becomes easier, and tasks become easier to 

identify. In the context of conventional software development, prior work has claimed that 

software modularity improves software quality and reduces programmatic effort in both the 

development and maintenance of centrally-developed and hierarchically-managed software 

(Parnas, Clements, & Weiss, 1984; Sullivan, Griswold, Cai, & Hallen, 2001). It therefore seems 

natural to expect the degree of software modularity to affect software development and software 

quality in OSS projects. Refer to Appendix A for a description of specific software components 

and their relationship(s) in software design. 

Following from the definition of modularity, all other things being equal, more modular 

software products have more components that are more loosely coupled. The probability that a 

change to one component will inadvertently affect another component, thus introducing an error, 

should decrease in more modular software. In addition, smaller and more loosely coupled 

components foster more rapid problem resolution because problem identification is more likely 

localized to specific modules (Parnas, Clements, & Weiss, 1984). As the ease of problem 

identification and resolution increases with increasing modularity, a larger number of existing 

problems should be identified and resolved within the software application, thus increasing 

software quality in more modular software: 
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H1: Projects with software exhibiting a higher degree of modularity will be associated 

with higher quality software 

As product modularity increases, a given product will be comprised of a greater number 

of independent or loosely coupled components, holding the size of the product constant. 

Increased component independence facilitates task identification, since it is easier for a product 

contributor to comprehend the scope of functionality affected by a given change. Ease in task 

identification combined with a larger number of independent components in a more modular 

product should increase the number of separate task opportunities to contribute. In addition, as 

the number of components increases, functionality becomes more specialized and isolated within 

each of the components, and each component contains less functionality on average (Baldwin 

and Clark, 2000; Parnas, Clements, & Weiss, 1984; Sanchez and Mahoney, 1996; Ulrich, 1995). 

By reducing the quantity of functionality within each component, contributors should be able to 

alter the component by making smaller sized changes because they can make changes only to the 

functionality isolated in a specific independent component. This is important because smaller 

sized changes should require less effort to construct, which increases the probability of making a 

contribution. The average size of a product contribution to a given product therefore decreases as 

product modularity increases. In addition, since the average scope of functionality contained 

within each component decreases as modularity increases, a code contributor must change each 

new component in a more modular product to affect the same functionality as a single large 

change to the single component in a less modular product. These changes can be incorporated 

into several code contributions in a more modular product due to the independence among the 

components. Therefore, as software modularity increases, a greater number of smaller 

contributions will be necessary to change the same functionality:  
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H2a: A higher degree of software modularity will be associated with more separate 

opportunities to contribute. 

H2b: A higher degree of software modularity will be associated with a greater number of 

code contributions 

H2c: A higher degree of software modularity will be associated with smaller average 

sized code contributions 

The hypothesized increase in the number of separate opportunities to contribute to more 

modular products should subsequently affect software quality. Because tasks are easier to 

identify, it should reduce the amount of uncertainty or ambiguity associated with writing source 

code, which should decrease the probability of introducing a bug. In addition, as the number of 

more easily identifiable tasks increase in projects with more modular software, the probability of 

finding and resolving existing bugs should also increase. Therefore, opportunities to contribute 

should mediate the relationship between modularity and software quality: 

H3a: The number of separate opportunities to contribute will positively mediate the effect 

of degree of modularity on software quality 

Literature from software engineering suggests that minimizing the size of a software 

program and maximizing the simplicity of source code reduces the number of errors or bugs 

introduced into the product (Dunn, 1984; Marciniak, 1994; Parnas, Clements, & Weiss, 1984; 

Ward, 1989). Since the average size of each contribution is smaller in more modular software, 

the probability that any one contribution contains an error or bug should decrease. In addition, if 

software with higher modularity elicits a greater number of smaller sized contributions, then each 

change is more likely to affect a smaller percentage of total functionality. Changing a smaller 

portion of functionality should reduce the likelihood that the contribution introduces an error into 
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the software, therefore increasing software quality. Therefore, the average size of a code 

contribution should mediate the relationship between modularity and software quality: 

H3b: The average size of contributions will positively mediate the effect of degree of 

modularity on product quality 

Refer to Figure 2 for an illustration of the theoretical model. 

----------------------------------------- 
Insert Figure 2 about here 

----------------------------------------- 

Method 

Overview 

 To examine how software modularity affects software development and software quality 

in community-based OSS projects, we require detailed longitudinal information about software 

design, code contributions and objective measures of software quality. OSS projects hosted on 

SourceForge.net meet these requirements. People can freely register any OSS project on 

SourceForge, and subsequently use the suite of tools available to all registered projects, 

including a source code repository, project website, developer website, tracker tools, mailing 

lists, and discussion boards. Common availability and use of these tools across projects reduces 

tool differences as a source of observed differences in software quality. In addition, SourceForge 

is one of the most popular platforms for hosting OSS projects, thus yielding a large population of 

projects from which to draw our sample. Most importantly, SourceForge provides a public 

record of the history of each project: all records of communication, release history and associated 

files, source code repositories, artifact tracking, etc, are publicly available and accessible, 

providing us with our required data of a cross-section of OSS project data over time. 
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Sample 

While SourceForge hosts over 160,000 thousand registered projects, not all projects 

exhibit characteristics that correspond to the types of projects of interest.  For example a large 

fraction of registered projects are estimated or known to be a vanity project or a project in name 

only, i.e., they have no developers other than the person who registered the project and exhibit no 

development or communication activity. Of the remaining “real” projects, some are clearly 

controlled by a commercial organization and its employees, rather than by volunteers. We 

theorize about community-based OSS projects in which volunteers self-assign to perform the 

work and so exclude corporate-based or organizationally-sponsored projects, as these groups 

have a commercial incentive and authority to exercise control over the project.4 In addition, 

because we examine how software modularity affects product development and product quality, 

it is important for each project to have created a working program, even if it is very preliminary, 

to ensure the existence of an initial code base from which project members could work. 

Generally speaking, OSS projects in later stages of development have distributed at least one 

version, or release, of the software. It is also important that the project exhibits some minimum 

degree of development or communication activity among project members to ensure a 

sufficiently large pool of potential code contributors.5 The most common programming language 

used by the projects registered on SourceForge.net are object-oriented programming languages, 

including Java and C++.6 In addition, object-oriented language skills are the most common skills 

reported by SourceForge.net users. We therefore used the following sampling frame to identify 
                                                
4 We categorized a project as “community-based” by visiting each project’s home page. Websites that were not 
hosted by a third-party or did not state any affiliations or sponsorships were considered “community-based.” 
5 Project activity refers to any communication behavior made by OSS project members (e.g. posts to discussion 
forums, bug trackers, email lists, etc.). Projects with at least 75 total posts to any of the project communication tools 
(discussion forums, trackers, and email lists) as well as evidence of use of the source code repository were included 
in the sampling frame. 
6 Java is the most commonly used programming language (18.0%), and C++ is the second most commonly used 
programming language (17.8%) by projects registered on SourceForge.net. 
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an appropriate group of projects from which to sample: projects that do not exhibit obvious 

corporate or organizational sponsorship or involvement, projects with at least one software 

release in a relatively mature development stage (Beta or Production/Stable), projects exhibiting 

a minimum level of project activity, and products written only using Java. The frame includes 

approximately 180 projects from which a random sample of 50 was drawn. For each project, we 

sample each major software release (e.g. 1.x, 2.x) as our unit of analysis. Refer to Table 1 for 

descriptive information for each project sampled. 

----------------------------------------- 
Insert Table 1 about here 

----------------------------------------- 

Measures 

Modularity. Software modularity describes the degree to which software components are 

independent of one another yet function as an integrated whole using software interfaces. It is 

possible to assess the degree of independence, and thus modularity, among software classes by 

examining function calls among classes. Several researchers have measured software modularity 

at the class or file level (Liu & Iyer, 2007; MacCormack, Rusnak, & Baldwin, 2006; 

MacCormack, Rusnak, & Baldwin, 2007). While this measure provides detailed information 

regarding software functionality, individual classes or files do not function as modules or 

components. In addition, these measures do not capture whether classes or files communicate via 

interfaces, a key element in modularity. In practice, programmers use groups of files or classes, 

called packages in Java, to implement software functionality (Gumpta, 2008; Flanagan, 1999). 

Classes within these packages should be interdependent, and classes contained in different 

packages should be independent. Programmers implement independence among packages using 

interfaces. Therefore, we believe that measuring the degree of software modularity using 
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packages as the module or component, not classes or files, and capturing the extent to which 

interfaces are used to achieve independence is a more appropriate assessment of software 

modularity. 

Many people have written applications to extract information about class relationships, 

and Martin (1994) proposed a method for mathematically evaluating this information at the 

package level. We use Martin’s calculation as our measure of degree of modularity (refer to 

Appendix B for exact formulas used in the calculation). The measure assesses the degree to 

which Java programming constructs (e.g. interfaces and concrete classes) are used to achieve 

independence among packages. We calculate the degree of modularity for each package within 

the software application weighted by the size of the package (log of the lines of code (LOC)). 

We then calculate the average degree of modularity across packages for the average degree of 

modularity of the software for a particular release. We construct these metrics for each major 

release sampled using the source code contained in each release. To the best of our knowledge, 

no previous research on OSS development has used this measure. 

Software quality. We use objective and subjective measures to assess software quality. We 

introduce two objective measures of software quality not previously reported in the OSS 

literature: number of static bugs and software complexity.7 Bugs in software refer to problems 

with the program that prevent it from running properly. Examples include logical flaws, 

inappropriate use of programming constructs, or memory leaks. Any of these problems reduce 

software quality. In addition, software complexity makes it more difficult to identify and fix 

problems, as well as sustain maintenance over time. Both measures are derived from objective 

evaluations of the source code included in the software release. We first assess the number of 

bugs or defects in the source code using two static source code analysis tools, FindBugs 
                                                
7 Both measures are frequently used in software engineering (e.g., Glover, 2006a; Kan, 2002) 
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(http://findbugs.sourceforge.net/) and PMD (http://pmd.sourceforge.net/). Both tools provide a 

list of the problems found, and the location of each problem in the source code. The results of 

these static source code analysis tools are combined because each uses a different algorithm to 

identify different types of problems or defects within the source code.8 This measure should be 

interpreted in a relative sense, as each tool exhibits some degree of false positive and false 

negative reporting. Number of static bugs is therefore a count of the total number of static source 

code bugs found by both programs for a given software release divided by the log of the total 

LOC in the release to control for software size. 

In addition to the number of bugs or defects in a software program, software complexity 

also reflects the quality of the software written. Software complexity describes the complexity of 

the control flow logic within an application by examining the number of linearly independent 

paths within the source code. A greater number of logic paths indicate greater complexity. We 

use McCabe’s Cyclomatic Complexity measure, a standard metric used in software engineering, 

to measure software complexity in this paper (McCabe, 1976).9 We calculate the average 

software complexity of each release using a static source code analysis tool.  

We use three subjective measures of software quality previously identified in OSS 

research as a proxy for software quality and OSS project success (Crowston, Annabi, Howison, 

& Masango, 2004). Many OSS projects use a specific communication tool, a bug tracker, to 

encourage users to voluntarily report errors found in the software. 10 Once a bug has been 

addressed or solved by project developers, the bug report will be “closed.” We calculate three 
                                                
8 Each tool produces a specific number of defects. One measure of product quality is thus the sum of the defects 
identified by each tool. 
9 The software engineering literature reports a strong correlation between this complexity measure and the number 
of bugs (Dunn, 1984; Glover, 2006a; Glover, 2006b; Ward, 1989). 
10 Many OSS researchers have used community problem reports or bug reports as a proxy for software quality. 
However, not all project communities use specific bug tracking tools – some may use email lists or discussion 
boards to manage reported bugs making it difficult for researchers to filter identified bugs from other 
communication. 
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measures of software quality using this bug report information. First, we calculate the number of 

bugs reported as the number of bug reports created for a given software release. A greater 

number of problems reported by users should reflect lower software quality. We use two 

measures to assess the degree of difficulty of resolving bugs reported: percentage of bugs closed 

and time to close bugs.11 The larger the percentage of bugs that have been closed, the easier it 

may be to resolve identified problems, thus indicating higher software quality. Also, a lower 

average time (weeks) spent addressing and resolving identified bugs suggest ease in problem 

resolution, also indicating higher software quality. Because projects with smaller communities 

may experience fewer bug reports because of the small user base, fewer bug reports may not 

necessarily indicate better software quality. We weighted all three bug report measures by the 

number of downloads for each release, which has not been done previously to our knowledge.12 

Code contributions. To alter a software application, developers make changes to the files 

(“classes”) that comprise the software. We therefore operationally define a code contribution in 

an OSS project as alteration(s) to a file or group of files, or the addition (or deletion) of new (old) 

file(s) at a specific date. A code contributor is the developer making the code contribution to the 

project. For each software release, we evaluate the code contributions that occurred during the 

time elapsed between the current release and the subsequent release.  

Developers make changes at the file or class level and, in traditional software 

development, are often assigned particular files or classes for which they are responsible 

                                                
11 We only calculate the average time to close bugs for bug reports that have been “closed”. This is therefore a 
conservative measure of time to fix bugs, as some may be outstanding with very long working periods. NOTE: We 
are currently performing analyses using median time to close bugs in case the average time is skewed to the right. 
12 Because we do not have data on the number of downloads per time period for each project, we estimate the 
number of downloads for each release based on the duration of each release. For example, assume a project has 
10,000 downloads over the lifetime of the project. If the project has two releases (and thus two release periods), and 
the first release period was three years and the second release period was one year, we would estimate that 7,500 
downloads occurred during the first period and 2,500 during the second period. NOTE: We are currently exploring 
other allocations of number of downloads per release, since download behavior is not likely consistent over time. 
For example, as the project gets better, more people are likely to download the software as the software matures. 
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(MacCormack, Rusnak, & Baldwin, 2007). Because classes comprise software packages, they 

reflect the organization of source code within packages. As the number of files or classes in an 

application increase, there are more separate subunits of source code within a package on which 

product contributors can work. We therefore use the number of total classes in a program as a 

proxy for the number of separate opportunities for a code contributor to contribute. 

OSS projects use a central file repository system to track changes made to the files over 

time, called a versioning system. This system organizes changes made to software files into 

“commits.” A commit occurs when a developer (code contributor) changes a file or group of files 

contained in the repository at a specific point in time (code contribution). The versioning system 

contains precise information about commits over time (e.g. date of the change, file(s) affected, 

lines of code affected, and comment describing the changes made), which can be extracted from 

the history file (see Figure 3 for an example of CVS history in an example file). Using the 

information in the history file, we calculate two measures of code contribution characteristics: 

number of code contributions and size of code contributions. We use two measures to represent 

number of code contributions. First, we count the number of commits for a given release as the 

total commits.13 Second, since each commit may affect more than one file, we also calculate the 

number of files changed by commits in a given release as the total files changed.14 We use two 

more variables to measure characteristics of contribution size. First, the average commit size is 

the average number of LOC added and deleted per commit for a given release. Second, the 

average lines changed per file is the average number of LOC added and deleted per file for a 

given release.  

 

                                                
13 Note that a “contribution” could be an addition, a deletion, or a modification. 
14 Software is comprised of files, not commits. Commits group changes made to files, and are subjective units of 
change, as a developer may choose to commit several groups of changes in a single commit.  
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----------------------------------------- 
Insert Figure 3 about here 

----------------------------------------- 

Control variables. Each sampled OSS project has multiple software releases. Because each 

release occurs at a different point in time, two variables are used to capture the temporal stage or 

history of projects. First, the weeks since project registered captures the number of weeks 

between the date that the project was registered on SourceForge and the date that the specified 

software was released. Second, the time period between each release within a given project is 

captured by weeks since previous release. This value is always zero for the first release of a 

given project. We use dummy codes to represent whether a “business-friendly” OSS license is 

used15 as well as whether the intended audience of the software is for computer programmers 

(e.g. Developers, System Administrators). We also use a dummy code to represent whether the 

type of application being developed is for software development or other primarily technical 

applications (e.g. databases, Internet). These three control variables address differences inherent 

in the project community or software that may affect product development and subsequently 

product quality. 

Preliminary Analyses 

We initially collected data on 346 releases from 50 projects hosted on SourceForge that 

met our sampling frame criteria. Nine releases were dropped from the sample because the release 

occurred prior to the registration date. In these cases, the projects had not yet been made publicly 

available through the SourceForge.net website, and thus were not available for community 

development.  

                                                
15 Some licenses, such as LGPL, BSD, and MIT licenses, are more “business-friendly” than others, and allow full 
use of the software in commercial, potentially closed-source, environments. Other licenses, such as the GPL, restrict 
use in commercial environments (O’Mahoney, 2003; Stewart, Ammeter, & Maruping, 2006). 
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In practice, code contributions are not always included in the next immediate software 

release. This delay allows ample time to test the contribution to identify and fix any associated 

problems or bugs prior to including the changes “permanently” in the software. Therefore, we 

examined the relative accuracy of our method of assigning commits to specific software releases 

based on the commit dates and the release dates. We compared the net change in the number of 

LOC between source code contained in the software releases to the net change in LOC added and 

deleted in commit activity. In some cases obvious allocation errors exist such that far too few or 

far too many LOC were altered by commits than were actually changed between releases. For 

example, in one project release, 1,468 net LOC were actually deleted from the source code 

released for download between releases, while 6,588 net LOC were added based on commit 

activity between releases. Therefore, we only included releases that indicated a relatively similar 

degree of source code changes by selecting those releases that exhibited percentage differences 

between actual changes and commit changes on an order of magnitude of 15 times or less.16 Our 

final sample includes 203 releases (59% of releases sampled) from 46 projects.  

Many of our dependent variables were significantly skewed, so we performed log 

transformations on several dependent variables (number of classes, total commits, total files 

changed, average commit size, average lines changed per file, number of static bugs, software 

complexity, number of bugs reported) for the analyses. Refer to Table 2 for summary means and 

correlations for all dependent variables, degree of modularity, and control variables. Since our 

data is a panel collected for a cross-section of OSS projects over time, we use fixed and random 

effects regressions to test hypotheses proposed in our theoretical model. We performed initial 

analyses using the control variables (weeks since project registration, weeks since previous 

                                                
16 We also performed our statistical analyses using a magnitude of 10 times and 20 times and did not see any 
significant changes in our results. 
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release, OSS license, intended audience, and software topic) to identify relevant and significant 

predictors of each outcome variable (number of classes, total commits, total files changed, 

average commit size, average lines changed per file, number of bugs, software complexity, 

number of bugs reported, percentage bugs closed, and time to close bugs) prior to including our 

independent variable, degree of modularity. OSS license, intended audience, and software topic 

were not significant predictors for any of the dependent variables, and so were dropped from all 

subsequent analyses. After determining significant control variables for each model, we then 

performed fixed and random effects regression analyses with all control variables and degree of 

modularity and compared them to analyses using just the significant control variables. AIC and 

BIC statistics suggested that the fixed and random effects regression models including only the 

significant control variables are the most parsimonious. We therefore present the results of these 

models in the next section. 

----------------------------------------- 
Insert Table 2 about here 

---------------------------------------- 

Results 

Effect of software modularity on software quality 

Preliminary analyses of the relationship between degree of software modularity and 

software quality provide some support for the hypothesis that projects with more modular 

software exhibit products with higher software quality (hypothesis 1). The bivariate correlation 

between modularity and software complexity is -0.35 (p < 0.001). However, degree of 

modularity is surprisingly positively correlated with total static bugs (r = 0.44, p < 0.001), 

suggesting that as degree of modularity increases, the number of static software defects also 

increases, indicating lower product quality. Bivariate correlations do not provide evidence that 
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modularity is significantly associated with number of bugs reported (r = 0.14, n.s.), percentage of 

bugs closed (r = -0.05, n.s.), and time to close bugs (r = -0.08, n.s.). 

We used random effects regression analyses using STATA to further test the relationship 

between degree of modularity and software complexity.17 After controlling for project 

characteristics, we find that a higher degree of product modularity is significantly associated with 

lower product complexity (thus higher product quality) (-1.05, p < 0.001), providing support for 

hypothesis 1.  

Recall that we have two different measures of software defects: number of static bugs and 

number of bugs reported. We performed random effects regression analyses using STATA to test 

the relationship between degree of modularity and bugs.18 Results predicting number of static 

bugs (1.02, p < 0.001) suggests that a higher degree of modularity is significantly associated with 

a larger number of bugs (thus lower product quality), the opposite of the prediction in hypothesis 

1. Results predicting number of bugs reported were marginally significant (0.79, p < 0.10), 

suggesting that higher modularity is marginally associated with a larger number of bugs reported, 

the opposite of hypothesis 1. Results predicting percentage of closed bugs (0.41, n.s.) and weeks 

to close bugs (0.18, n.s.) were not significant. Refer to Table 3 (Model A) for complete 

regression results for these models.  

----------------------------------------- 
Insert Table 3 about here 

---------------------------------------- 

                                                
17 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the random effects models were appropriate for both software complexity. We performed regression 
analyses on 45 groups and 180 observations, using OSS project as the group. 
18 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the random effects models were appropriate for number of static bugs, number of bug reports, 
percentage of bugs closed, and time to close bugs. We performed regression analyses on 45 groups and 180 
observations, using OSS project as the group, using number of static bugs as the dependent variable. When testing 
measures of number of bugs reported as the dependent variable, we performed regression analyses on 44 groups and 
199 observations, using OSS project as the group. 
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Effect of software modularity on code contributions 

We next examine the relationship between degree of modularity and number of 

contribution opportunities. Bivariate correlations indicate a strong positive relationship between 

degree of modularity and number of classes (r = 0.57, p < 0.001), as predicted. Next we 

performed a random effects regression analysis using STATA.19 We find that degree of 

modularity significantly predicts a larger number of total classes (2.03, p < 0.001), providing 

support for hypothesis 2a that higher modularity is associated with more separate future 

opportunities to contribute.  

When examining the relationship between modularity and total contributions, bivariate 

correlations show a positive relationship between degree of modularity and total commits (r = 

0.28, p < 0.001) and total files changed (r = 0.34, p < 0.001), as predicted. We then performed 

two random effects regression analyses using STATA. When predicting total commits, we find 

that a higher degree of modularity is significantly associated with a higher number of total 

commits made after the software is released (1.30, p < 0.05). In the second regression, we also 

find that a higher degree of modularity is associated with a larger number of total file changes 

(1.33, p <0.05). These results provide support for hypothesis 2b, that greater modularity is 

significantly associated with a larger number of future product contributions.  

When examining the relationship between modularity and contribution size, bivariate 

correlations show no relationship between degree of modularity and average commit size (r = -

0.07, n.s.). However, there is a strong negative relationship between degree of modularity and 

average number of lines changed per file (r = -0.23, p < 0.05). We performed fixed and random 

                                                
19 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the random effects models were appropriate for both number of class files and total contributions. We 
performed regression analyses on 45 groups and 180 observations, using OSS project as the group, when predicting 
number of class files. We performed regression analyses on 46 groups with a total of 203 observations, using OSS 
project as the group, when predicting total contributions. 
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effects regression analyses using STATA.20 Results from the random effects regression 

examining average commit size do not support a relationship between degree of product 

modularity and average commit size after the software is released (-0.54, n.s.). However, results 

of the fixed effects regression suggest a negative relationship between degree of modularity and 

the average number of lines changed per file (-1.02, p < 0.05) as predicted. These results 

provided partial support for hypothesis 2c, that higher modularity is associated with smaller sized 

future product contributions. Refer to Table 4 for complete regression results for these models. 

----------------------------------------- 
Insert Table 4 about here 

---------------------------------------- 

Effect of code contributions on software quality 

To test whether code contributions mediate the relationship between modularity and 

software quality, we performed several regressions using opportunity to contribute and size of 

the contribution. Following Baron and Kenny (1986), we performed four steps in the analysis. 

First, we tested whether modularity significantly predicts code contributions. Second, we tested 

whether modularity significantly predicts software quality. Third, we tested whether code 

contributions significantly predict software quality. Fourth, if the previous three steps were 

significant, we tested whether both modularity and code contributions together predict software 

quality. A statistically significant change in the coefficient of modularity when code 

contributions are included in the regression, provides evidence for a mediating effect of code 

contributions on software quality.  

                                                
20 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the random effects model was appropriate for average commit size and fixed effects were appropriate 
for average size of file change. We performed regression analyses on 46 groups with a total of 203 observations, 
using OSS project as the group, when predicting contribution size. 
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From previous analyses, we have already demonstrated that modularity significantly 

predicts number of opportunities to contribute (number of classes) and size of code contributions 

(size of changes by file)21 (step 1), as well as software quality (software complexity, number of 

static bugs, and number of bugs reported)22 (step 2). We next performed fixed and random 

effects regression analyses to examine whether opportunities to contribute predicts software 

quality (step 3).23 We find that number of classes significantly and negatively predicts software 

complexity (-0.18, p <0.001) and significantly and positively predicts number of static bugs 

(0.70, p < 0.001) and number of bugs reported (0.26, p < 0.05), such that increasing the number 

of opportunities to contribute decreases software complexity yet increases the number of 

software defects. Since number of classes significantly predicts software complexity, number of 

static bugs and number of bug reports, we performed the final step of the mediation analysis. We 

performed random effects regressions using both modularity and number of classes to predict 

software complexity, number of static bugs and number of bug reports. Number of classes does 

not mediate the relationship between modularity and software complexity, since the coefficient 

of modularity does not change significantly (-0.96 to -0.92). However, number of classes fully 

mediates both measures of bugs: the coefficient for modularity changes from significantly 

positive (1.00, p < 0.001) to significantly negative (-0.49, p < 0.001) when predicting number of 

static bugs, and becomes insignificant when predicting number of bug reports (from 0.79, p < 

0.001 to -0.38, n.s.). These results provide partial support that number of opportunities to 

contribute mediates the relationship between modularity and software quality, though in the 

                                                
21 We did not perform mediation analyses using size of changes by commit because modularity did not significantly 
predict this measure of contribution size. 
22 We did not perform mediation analyses using percentage of bugs closed or time to close bugs because modularity 
did not significantly predict these measures of quality in previous analyses. 
23 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the fixed effects models were appropriate for software complexity and results from random effects 
models were appropriate for number of static bugs and number of total bugs. 
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opposite direction (H3a). Refer to Table 3 for complete results of these models (steps 1, 3, and 

4). 

To test whether size of contributions mediates the relationship between modularity and 

software quality, we examined whether contribution size significantly predicts software quality 

(step 3). Results from random effects regressions24 do not support a significant relationship 

between size of changes by file and number of static bugs (-0.05, n.s.) or number of bug reports 

(-0.02, n.s.). However, results from fixed effects regressions suggest a statistically significant 

relationship between size of changes by file and software complexity (-0.18, p < 0.001). Because 

contribution size only significantly predicts software complexity, we performed the final step of 

the mediation analysis. We performed random effects analyses using both degree of modularity 

and size of changes by file to predict software complexity. We do not find support for a 

mediating relationship, as the coefficient of modularity does not change significantly (-0.96 to -

1.11). We therefore do not find evidence that contribution size mediates the relationship between 

modularity and software quality (H3b). Refer to Table 5 for complete regression results of these 

models (steps 1, 3, 4). 

Discussion 

Contrary to popular belief and theories of modularity, empirically we find a significant 

and negative relationship between degree of modularity and number of software defects. The 

reason for this unexpected finding can be explained by the relationship between degree of 

modularity and code contributions. First, we find empirical support for the expected theoretical 

relationship between degree of modularity and code contributions. Specifically, as degree of 

modularity increases, both the number of opportunities to contribute and the total number of 

                                                
24 We ran both the fixed and random effects regressions using xtreg, and results of the Hausman test suggested that 
results from the fixed effects models were appropriate for software complexity and results from random effects 
models were appropriate for number of static bugs and number of total bugs. 
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contributions increases. In addition, as modularity increases, the average size of changes made to 

the software decrease, as measured by the average size of changes made to the files in the 

application. However, even though modularity positively affects code contributions, increasing 

the number of opportunities to contribute increases both the number of static bugs and bugs 

reported, suggesting that there may be a tradeoff between degree of software modularity, 

software development, and software quality in community-based OSS projects. While we cannot 

test the difficulty associated with comprehending more modular software architecture, we expect 

that this added complexity may explain this tradeoff. Particularly in software development, 

developers are not forced to use interfaces to maintain software architecture. It is possible and 

fairly easy to alter the software architecture over time because the architecture is manifested in 

the lines of code, which are very easy to change. As the number of opportunities to contribute 

increases, it is more likely that a code contributor will have to alter several components to make 

a change, and thus may have to understand a more complex architecture to do so. This added 

complexity may increase the probability of introducing bugs, which would then decrease 

software quality. 

We do find the expected relationship between modularity and software complexity. This 

is likely because as degree of modularity increases, the number of components in the software 

also increases, and the average amount of functionality contained within each component 

decreases. The measure of software complexity used is just a count of logic paths and does not 

reflect the nature of relationships among components. By definition, then, if there is less 

functionality in each component on average, we should see a reduction in total logic paths. 

Finally, code contributions do not mediate this relationship between modularity and software 

complexity. 
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Limitations 

While we introduce new measures of modularity and software quality and test our 

module using longitudinal data from a fairly large sample of OSS projects, our study is not 

without limitations. While we are able to control for differences in software quality due to 

differences in tools used by sampling projects hosted only on SourceForge, we do not consider 

projects hosted on other sites. In addition, we examine projects written only in the Java 

programming language. While we do not anticipate reasons our results may not be generalizable 

to other object-oriented programming languages, this should be explore empirically. Other types 

of structure and project characteristics may also help to explain the surprising negative 

relationship between degree of modularity and software defects, such as project governance 

mechanisms and the skill level of code contributors. We hope to further explore these variables 

in future research using our data. Finally, while we collected and analyzed detailed archival data, 

we lack corroborating evidence from code contributors to support our results. In future research, 

we hope to address these concerns by collecting survey and interview data from code 

contributors and other project members to address perceptions about software quality as well as 

their experience writing software for the project. 

Conclusion and Implications 

Our empirical findings both complement and challenge existing theories of modularity. 

We find the expected relationship between software modularity and code contributions, such that 

increasing the degree of software modularity in community-based OSS projects increases the 

number of opportunities to contribute and the number of code contributions, and decreases the 

size of the contributions made. However, while existing theory suggests that this positive impact 

on work performed should improve software quality, we find mixed results with our data. As 
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expected, we find a decrease in software complexity as degree of modularity increases. However, 

we see an increase in number of software defects as modularity increases, as explained by the 

effects of modularity on code contributions. We also introduce a new measure of modularity to 

assess the relationships among software components as packages, not classes or files, which is a 

more pragmatic assessment of software modularity. We also apply two new measures to assess 

software quality in OSS projects: software complexity and number of static bugs. We also apply 

the previously used bug report measures to assess software quality, yet we adjust these measures 

for the number of users. 

The empirical findings regarding the relationship between modularity and product quality 

have implications for the practice of software development. These findings may prove useful to 

software development project managers who need practical and quantifiable techniques for 

monitoring the software development process and subsequent product quality. The measures of 

modularity and product quality empirically examined and tested may also help software 

development managers evaluate existing software and software under development.  

Finally, OSS development is just one prominent example of the voluntary, distributed and 

decentralized production of digital goods over the Internet. Other examples of this phenomenon 

exist, including Wikipedia (http://www.wikipedia.org),25 Project Gutenberg 

(http://www.gutenberg.org),26 and the Distributed Proofreaders Group (http://www.pgdp.net).27 

Similarly to community-based OSS development, these voluntary projects do not use a formal 

                                                
25 Wikipedia consists of more than 8.8 million articles written in 253 languages by 9.4 million distributed volunteers 
around the world. Volunteers have made more than 173 million edits, averaging 16.28 edits per page since July 2002 
(as of 11/1/2007). 
26 Founded in 1971, this project is the oldest and first e-text project on the Internet.  As of 2003, over 10,000 Public 
Domain books in 46 languages have been made available. On average, 2,000 volunteers around the world perform 
various tasks to help 400 books become available each month (as of 10/30/2005). 
27 Founded in 2000, volunteers dedicate efforts primarily to assist Project Gutenberg in the “digitization of Public 
Domain books”.  Approximately 35,000 registered members have helped to make over 7,700 books available to 
Project Gutenberg.  On average, 1,500 members log into the site each month to create hundreds of books, averaging 
between 100 and 350 books each month (as of 10/30/2005). 
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organizational hierarchy or contracts to assign and enforce tasks; instead, Internet-based 

volunteers self-organize to create high-quality products and services.28 It would prove useful to 

explore whether the design of the products created in these projects also influences product 

development (e.g. encyclopedia editing, electronic book proofreading), and whether the results 

of the findings in this study are generalizable to other types of product development.

                                                
28 Management structure is not absent in these projects. As project members work together and establish norms of 
collaboration, a normative hierarchy emerges that guides future interactions and task assignment.  
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Appendix A 

Software applications are generally composed of a set of packages. Each package is 

composed of a set of classes, and each of these classes is composed of a set of functions. 

Together, these functions define the functionality of the software/package/class. The term 

component is generic, and can refer to packages, classes, or functions.29 Object-oriented 

programming languages consist of various programming concepts to help achieve independence 

across components. “Concrete” classes contain the actual programming logic or functionality, 

while “abstract” classes act as the interfaces between concrete classes. Thus, concrete classes 

maintain their independence from one another by “calling” functions in other classes (or 

packages) using abstract classes. Two concrete classes exhibit greater interdependence when 

they call functions directly between one another rather than using abstract classes. Since 

packages are comprised of classes, as the degree of software modularity increases, both the 

number of packages and the number of classes (software components) should increase to create 

greater independence among packages and classes. 

                                                
29 The term “component” is inconsistently applied when describing software, due to the differences in the 
organization of programming languages. Component most frequently refers to the package-level unit, but may also 
refer to classes or functions. 
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Appendix B 

The metrics used to evaluate the design quality of object-oriented software based on the 

interdependence of components in the design (Martin, 1994) measure the relationships between 

source code packages, and whether techniques of information hiding and module abstraction are 

used appropriately. The following metrics are calculated from the source code: 

• Afferent coupling (AC): Number of other packages within the project that depend upon 

classes within the package; a measure of the package’s responsibility (higher values 

indicate higher responsibility) 

• Efferent coupling (EC): Number of other packages within the project that classes within 

the package depend upon; a measure of the package’s independence (higher values 

indicate lower independence) 

• Abstractness (A): Ratio of the number of abstract classes/interfaces to the total number of 

classes within a package; 0 indicates a completely concrete package, 1 indicates a 

completely abstract package 

• Instability (I): Ratio of a package’s independence to total independence and responsibility 

[EC / (EC + AC)]; measure of a package’s resilience to change; 0 indicates complete 

stability (changes may be made to other packages without affecting this package), 1 

indicates complete instability (changes made to other packages will likely directly affect 

this package) 

• Distance from the main sequence (D): perpendicular distance of a package from the 

idealized line A + I = 1; measure of the balance between abstractness and instability of a 

package; 0 indicates ideal balance, 1 indicates complete imbalance 

Projects with high design quality should exhibit the following characteristics:  
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• Packages with higher values of A should have lower values of EC (high independence) 

• Packages with lower values of A should have lower values of AC (low responsibility) 

• As a package’s I increases, its A should decrease and vice versa (thus, low values of D) 

In this paper, Drelease is used as a proxy for source code modularity. To calculate Drelease for a 

release within an OSS project, each package’s D is weighted by the logarithm of the source lines 

of code (LOC) within the package. The weighted package D’s are then summed and divided by 

the sum of the logarithm of the lines of code (LOC): 

 Drelease = ∑ Di * log(LOCi) 

              ∑ log(LOCi) 

for every package i in the release. Finally, Drelease is subtracted from 1, so that larger values 

indicate higher degrees of modularity. 
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Figure 1: Conceptual illustration of product modulari tya 

Product design Description of degree of modularity 
Number of 

Components 

 

Low modularity, even though there is a single 
component that is not tightly coupled to other 
components, because all product functionality 
is tightly integrated within a single component 

1 

 

Highest modularity – only related product 
functionality contained within each 
component; all components are loosely 
coupled with one another and interact via 
interfaces 

5 

a Functionality is represented by the small circles within the components:  The patterns within the circles 
represent related product functionality. 
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Figure 2: Proposed Theoretical Model 
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RCS file: 
/cvsroot/htmlunit/htmlunit/src/java/com/gargoylesoftware/htmlunit/ 
DefaultCredentialsProvider.java,v 
Working file: 
htmlunit/src/java/com/gargoylesoftware/htmlunit/DefaultCredentialsProvider.java 
head: 1.9 
branch: 
locks: strict 
access list: 
symbolic names: 
 HtmlUnit-1dot9: 1.9 
 HtmlUnit-1dot8: 1.8 
 HtmlUnit-1dot7: 1.6 
 HtmlUnit-1dot6: 1.3 
 HtmlUnit-1dot5: 1.2 
keyword substitution: kv 
total revisions: 9; selected revisions: 9 
description: 
---------------------------- 
revision 1.9 
date: 2006/06/14 18:05:19;  author: mguillem;  state: Exp;  lines: +65 -10 
Added possibility to configure NTLM credentials for the DefaultCredentialsProvider. 
---------------------------- 
revision 1.8 
date: 2006/01/14 14:06:59;  author: mbowler;  state: Exp;  lines: +2 -2 
Updated copyright to include 2006 
---------------------------- 
revision 1.7 
date: 2005/12/02 13:45:28;  author: mguillem;  state: Exp;  lines: +37 -10 
Fixed support for NTLM proxy. Patch 1224239 from Vikram Shitole adapted by Daniel 
Gredler 
---------------------------- 
revision 1.6 
date: 2005/08/23 17:17:23;  author: mbowler;  state: Exp;  lines: +21 -2 
Added javadoc 
---------------------------- 
revision 1.5 
date: 2005/08/12 12:45:21;  author: mguillem;  state: Exp;  lines: +2 -2 
removed unnecessary debug message 
---------------------------- 
revision 1.4 
date: 2005/08/12 12:35:28;  author: mguillem;  state: Exp;  lines: +60 -15 
Fixed infinite loop when DefaultCredentialsProvider provides invalid credential. 
Ensure that the web connection uses the CredentialProvider configured for the 
WebClient. 
---------------------------- 
revision 1.3 
date: 2005/05/04 08:52:53;  author: mguillem;  state: Exp;  lines: +3 -3 
"this." doesn't belong to htmlunit's coding style 
---------------------------- 
revision 1.2 
date: 2005/03/10 15:38:05;  author: cerskine;  state: Exp;  lines: +2 -2 
Update formatting 
---------------------------- 
revision 1.1 
date: 2005/02/23 17:30:07;  author: yourgod;  state: Exp; 
use httpclient's auth directly 

Figure 3 Ð Example of change history for  a specif ic file from the CVS history log 

LOC added 
and deleted 

Revision number 

Person committing file changes 

Date of revision 

Comment and author acknowledgement 

Name of file being revised 
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Table 3: Results from fixed and random effects regressions 

 Independent Variables Control Variables   
 

Modularity 
Number of 

classes (log) 

Weeks since 
registration 

(log) 

Weeks since 
previous 

release (log) R2 
Projects/ 
Releases 

Average complexity      

Model A -0.96*** 
(0.11)  n/a n/a 0.12*** 45/180 

Model B  -0.18*** 
(0.03) n/a n/a 0.19*** 45/180 + 

Model C -0.92*** 
(0.13) -0.02 (0.03) n/a n/a 0.11*** 43/177 

Total static bugs (log)      

Model A 1.02** (0.20)  0.20*** 
(0.02) 

-0.05*    
(0.02) 0.19*** 45/180 

Model B  0.65*** 
(0.03) 

0.05*** 
(0.01) 

-0.03**   
(0.01) 0.84*** 45/180 

Model C -0.44*** 
(0.12) 

0.72*** 
(0.03) 

0.04**   
(0.01) 

-0.03**  
(0.01) 0.85*** 43/177 

Total bug reports (log)      

Model A 0.75*     
(0.43)  n/a n/a 0.01* 38/145 

Model B  0.38*** 
(0.09) n/a n/a 0.14*** 38/145 

Model C -0.35      
(0.50) 

0.42*** 
(0.11) n/a n/a 0.15*** 38/145 

Percentage bugs closed      

Model A 0.41       
(0.71)  n/a n/a 0.00 38/145 

Model B  0.20       
(0.14) n/a n/a 0.06 38/145 

Weeks to close bugs (log)      

Model A 0.15       
(0.30)  -0.08**  

(0.04) 
0.08       

(0.04) 0.04 38/145 

Model B  0.09       
(0.06) 

-0.09**  
(0.04) 

0.08       
(0.04) 0.08* 38/145 

* p < 0.10, ** p < 0.05, *** p < 0.001, + Fixed effects 

Model A:  Tests H1 – relationship between modularity and product quality 
Model B:  For mediation analyses, does mediating variable (number of classes) predict product quality? 
Model C:  Final mediation test – both modularity and number of classes are included as independent variables 

predicting product quality 
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Table 4: Results from fixed and random effects regressions  

 Product Contributions (H1a, H1b, H1c) 

 Opportunities to 
contribute Number of contributions Size of contributions 

 Number of 
source files 

(log) 
Total commits 

(log) 
Total files 

changed (log) 
Commit size 

(log) 

Size of 
changes by 
file (log) 

Independent Variable     
Modularity 2.03*** 

(0.22) 
1.30**   
(0.58) 

1.33**     
(0.60) 

-0.54   
(0.37) 

-1.02*   
(0.37) 

Control Variables      
Wks Since 
Registration 

0.17*** 
(0.02) n/a n/a -0.15*** 

(0.03) 
-0.07**     
(0.03) 

Wks Since 
Previous 
Release 

n/a n/a n/a n/a n/a 

R2 0.40*** 0.08** 0.11*** 0.11** 0.09** 
Projects/Releases 45/180 46/203 46/203 46/203 46/203 + 
* p < 0.10, ** p < 0.05, *** p < 0.001, + Fixed effects 
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Table 5: Results from fixed and random effects regressions 

 Independent Variables Control Variables   
 

Modularity 

Size of 
changes by 
file (log) 

Weeks since 
registration 

Weeks since 
previous 
release R2 

Projects/ 
Releases 

Average complexity      

Model A -0.96*** 
(0.11)  n/a n/a 0.12*** 45/180 

Model B  -0.18*** 
(0.03) n/a n/a 0.19*** 45/180 + 

Model C -1.11*** 
(0.12) 

-0.05*     
(0.03) n/a n/a 0.39*** 45/180 

Total static bugs (log)      

Model A 1.02**    
(0.20)  0.20*** 

(0.02) 
-0.05*    
(0.02) 0.19*** 45/180 

Model B  0.65*** 
(0.03) 

0.05*** 
(0.01) 

-0.03**    
(0.01) 0.84*** 45/180 

Model C 1.00*** 
(0.20) 

-0.01       
(0.04) 

0.20*** 
(0.02) 

-0.05*     
(0.02) 0.19*** 45/180 

Total bug reports (log)      

Model A 0.75*      
(0.43)  n/a n/a 0.01* 38/145 

Model B  -0.04       
(0.12) n/a n/a 0.01 38/145 

Model C 0.80*       
(0.47) 

0.04       
(0.13) n/a n/a 0.01 38/145 

Percentage bugs closed      

Model A 0.41       
(0.71)  n/a n/a 0.00 38/145 

Model B  0.05       
(0.20) n/a n/a 0.00 38/145 

Weeks to close bugs (log)      

Model A 0.15       
(0.30)  -0.08**  

(0.04) 
0.08       

(0.04) 0.04 38/145 

Model B  0.04       
(0.09) 

-0.07*    
(0.04) 

0.09**       
(0.04) 0.05 38/145 

* p < 0.10, ** p < 0.05, *** p < 0.001, + Fixed effects 

Model A:  Tests H1 – relationship between modularity and product quality 
Model B:  For mediation analyses, does mediating variable (size of changes by file) predict product quality? 
Model C:  Final mediation test – both modularity and size of changes by file are included as independent variables 

predicting product quality  
 


