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Abstract—This paper describes an empirical study of open-source and closed-source software projects. The motivation for this

research is to quantitatively investigate common perceptions about open-source projects, and to validate these perceptions through an

empirical study. This paper investigates the hypothesis that open-source software grows more quickly, but does not find evidence to

support this. The project growth is similar for all the projects in the analysis, indicating that other factors may limit growth. The

hypothesis that creativity is more prevalent in open-source software is also examined, and evidence to support this hypothesis is found

using the metric of functions added over time. The concept of open-source projects succeeding because of their simplicity is not

supported by the analysis, nor is the hypothesis of open-source projects being more modular. However, the belief that defects are

found and fixed more rapidly in open-source projects is supported by an analysis of the functions modified. The paper finds support for

two of the five common beliefs and concludes that, when implementing or switching to the open-source development model,

practitioners should ensure that an appropriate metrics collection strategy is in place to verify the perceived benefits.

Index Terms—Open source, software metrics, empirical studies, software growth models.
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1 INTRODUCTION

THE use of the open-source development method as a
viable alternative to closed-source development is of

particular interest to the software industry today. Several
companies have switched from a closed source to an open-
source development model in an effort to win market share,
to expand product growth, and improve market penetration
[8]. This strategy is often based on anecdotal evidence
surrounding the characteristics of open-source growth
rather than on any empirical studies of how open-source
and closed-source projects grow and evolve over time. An
appropriate investigation of these perceptions provides
companies with the evidence needed to justify the use of
open-source software as an alternative to closed-source
software. Wheeler [14] provides quantitative data with
respect to market share, reliability, performance, scalability,
security, and total cost of ownership of open-source projects
as a whole. The aim of this paper is to compare the
evolutionary and static characteristics of open-source and
closed-source software, to examine the claims about open-
source software, and to discuss how these results may
influence software development strategies. To achieve this
goal, the paper describes an empirical investigation of three
closed-source and three open-source software systems.

This paper is organized as follows: Section 2 starts with a
revision of the work performed in this area. Section 3
discusses the research design and presents the reference
systems used in the analysis. Section 4 provides a
discussion of the results with the conclusions summarized
in Section 5 along with directions for future research.

2 STATE OF THE ART

Examining the lifecycle and characteristics of open-source
systems is important to understand and explains why open-
source systems may evolve differently than closed-source
systems. The following section describes the statements and
references made regarding open-source software develop-
ment as found in the literature survey and also describes the
metrics that were chosen to quantitatively investigate these
statements.

Open source development fosters faster system growth. The
concept of open-source systems exhibiting strong growth is
confirmed by the study of Mockus et al. [7]. System growth
is estimated and compared by using the metric of
percentage growth over time. Using the release sequence
number (RSN) is not a valid metric for project comparison
since deciding when to release is arbitrary. We estimate
software growth as a percentage by taking the total source
lines of code in the project, and dividing it by the total
source lines of code in the final release analyzed for the
project. We then graph this information against the calendar
time of each release. This approach was also used by Cook
and Roesch [1] in their analysis as a method of comparing
project growth.

Open source projects foster more creativity. O’Reilly [9] and
Dalle and Jullien [2] note that creativity is more prevalent in
open-source systems, which leads to more rapid develop-
ment of user features. We attempt to estimate creativity by
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examining the number of features or functions added per
release. This is a reasonable metric for quantitatively
measuring creativity, since only the functions added are
counted, not the functions modified. The assumption made
is that, in order to add new features to a software project,
you must add a relative number of functions. The limitation
of this assumption is that the number of modules added to
support a single new feature is not constant, but it does
provide a reasonable metric for comparison of creativity.

Open source projects succeed because of their simplicity.
Raymond [12] notes that open-source systems often succeed
because of their simplicity. If open-source systems are
generally written simpler than closed-source systems, we
expect to see the average complexity of the modules added
for open source to be less than that of closed-source
systems. The limitation of using this metric as an indicator
of the system complexity is that both Raymond [12] and
Cook and Roesch [1] note that the complexity of some
systems may be found in its data structures rather than in
its source code. Unfortunately, metrics for the data
structures of the code was not captured in our research
because of the limitation of our metrics collection tool.

Open source projects generally have fewer defects than closed-
source projects since defects are found and fixed more rapidly.
Mockus et al. [7] notes that defects are detected and fixed
faster than in closed-source projects. This statement is
confirmed by Wheeler [13] who states that the open-source
community was more responsive in identifying and fixing
defects. This results in improved reliability in open-source
projects. Our analysis uses the metric of the functions
modified over time to quantitatively examine this state-
ment. This is also referred to as the changing rate. We
hypothesize that open-source systems should exhibit higher
changing rates over time, since defect fixes would result in
more functions modified to address the large number of
defects found. The use of this metric has several limitations.
It assumes that the number of functions modified per defect
is constant and proportional across projects, which is not
likely the case. It also assumes that defect fixes only result in
functions being modified, rather than functions added.
Defects may require refactoring of the software, which will
generate new functions in addition to modified functions.
However, the changing rate is an adequate measure of
determining when defects are fixed through a static analysis
of the software.

Open source projects are more modular than closed-source
projects. O’Reilly [9] notes that the extensibility of the system
is a characteristic of open-source systems. If open-source
systems are generally more extensible than closed-source
systems, we would expect to find tighter coupling in closed-
source systems. The addition of features in closed-source
systems would require more changes in existing modules to
support a new feature and might cause us to see more
modules changed per code release in closed-source systems
for every feature added. An examination of the correlation
between the changing rate (modules modified) and grow-
ing rate (modules added) in closed-source projects com-
pared to open-source projects may be a good indicator of
this phenomenon. If there is strong correlation, this
indicates that the changing rate is linked to the growing

rate and may be an indicator that modules needed to be
modified for every feature added and is a useful metric for
project comparison.

The metrics chosen attempt to quantitatively compare
open-source project characteristics to closed-source project
characteristics. There are a number of limitations to this
study. O’Reilly [9], Raymond [12], and Wheeler [13] all
agree that open-source systems need to be in a fairly
developed state to be successful. They suggest that the
developers and users need to have something they can run
and test in order to contribute to further open software
development, and that systems that are started in a
“bazaar” style are not likely to succeed [13]. The author
refers to the “bazaar” style approach to software develop-
ment as a great babbling bazaar of differing agendas and
approaches where submissions are taken from anyone. If
open-source systems need to be relatively developed, this
implies that both open-source and closed-source systems
begin in a similar manner and then deviate once the source
code is released and the development takes on a certain
critical mass. This suggests that the characteristics of open-
source systems might be dependent on what phase of the
lifecycle that the open-source system is currently in. If open-
source and closed-source systems begin in a similar
manner, then examining the growth of either project early
in its lifecycle may result in viewing similar growth
patterns. It is difficult to identify common phases when
comparing several different projects. All of the closed-
source projects in the analysis were analyzed well into the
maintenance phase, but the data included the early
developmental releases as well. For the open-source
projects, the analysis of Linux uses only the major
developmental releases for project comparison. Since each
major developmental release takes into account all of the
previous developmental releases, we felt that analyzing
these releases gives an accurate comparison to how the
closed-source projects were developed at the expense of the
granularity sacrificed by omitting some of the develop-
mental releases. Godfrey and Tu [4] investigate the
evolution of Linux with regard to development and stable
releases. Our analysis focuses on only the kernel portion of
Linux since this is most comparable to the closed-source
projects in our analysis and augments the work of Godfrey
and Tu with additional metrics including the growing and
changing rate.

The results cannot be said to be indicative of all open-
source and closed-source projects. Godfrey and Tu [4] and
Lehman [6] note that there are a number of factors
influencing how software evolves or grows over time. It is
difficult to quantify and describe all of the factors that may
affect how software grows, but a number of proposed
sources include the application domain, the software
development process, the type of product, the management,
marketing dynamics, and organizational dynamics. Our
results are not intended to prove nor disprove the anecdotal
claims made by open-source software community, but to
investigate those claims using the projects in our study and
to provide a basis for other researchers to add to this body
of knowledge.
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3 RESEARCH DESIGN AND REFERENCE SYSTEMS

Kemerer and Slaughter [5] note that one of the most difficult
aspects of an empirical study of software growth is to find a
good closed-source partner that has the archives and data
necessary and who is willing to give researchers access to
proprietary source code. This was ensured in our research
by using a closed-source partner who provided us access to
the source code archives of three closed-source projects. We
also use the open-source archives of three readily available
and widely used open-source systems whose installed base
is similar to that of very successful closed-source software.
Kemerer and Slaughter also note that another key success
factor is that the empirical research requires a disciplined
and structured approach to data collection due to the
enormity of the data to be collected. We met this criterion by
developing a metrics plan based on a Goal Question Metric
method, which indicates specifically the metrics to capture,
and the goals of the research that they address. The metrics
that we chose to validate the hypotheses derived in the
previous section are shown in Table 1. The rationale for
choosing the metrics was based on validating the hypoth-
eses mentioned previously. The metrics we chose are all
used in previous empirical studies by other researchers so
that our data provides a meaningful comparison. A
complete list of all the metrics recorded or calculated by

the tool can be found in [10], along with the goals they
address.

The reference systems chosen are three closed-source
projects and three widely known open-source projects. The
three closed-source systems analyzed are the embedded
software core of three different wireless protocol products.
In order to honor confidentiality agreements, they have
been named as Project A, Project B, and Project C. Although
the domain of the three projects is the same, the projects
themselves are considerably different as is demonstrated by
the description of the characteristics. The majority of the
code for all three projects is developed and purchased from
three different closed-source partners. For most of the code
analyzed for the three closed-source projects, none of the
developers, processes, and programming techniques were
common. The lack of commonality in characteristics and in
the design will add validity to any commonalities found in
the data analysis. The closed-source projects are identified
in the analysis as “CS.”

Three well-known open-source projects are chosen to
represent open-source development. Linux is an operating
system that was initially created as a hobby by a student,
Linus Torvalds, at the University of Helsinki in Finland.
GCC stands for GNU Compiler Collection and is an open-
source C compiler that is portable to multiple architectures
and environments. Apache is an open-source project that
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was aimed at creating a robust, closed-source-grade,
featureful, and freely available source code implementation
of an HTTP Web server. The open-source projects are
identified in the analysis as “OS.”

It is important to note that the value of our research is
dependent on how representative our projects are of open-
source and closed-source software development. The three
open-source projects Linux, Apache, and Gcc are the most
well-known and successful examples of open-source pro-
jects. As such, they are a representation of projects that have
been developed using open-source methods. The only
negative aspect to choosing these projects might be their
success. The growth characteristics we observe in these
projects may be a result of their widespread adoption rather
than their economic development method. The three closed-
source projects we chose are representative of a particular
closed-source domain and not of closed-source software in
general. The domain of our closed-source projects can be
described as the software protocol stacks of wireless
telecommunications products. Our comparison may be
focused on a specific closed-source domain, but this does
not negate the validity of our conclusions. Instead, it
provides a good baseline for researchers to compare and
validate our findings on projects in other closed-source
domains.

The data for these projects is determined using a tool we
developed that steps through each source code archive
release of a project, and determines both the release timing
metrics such as the module growth over time, as well as the
static metrics such as the average size and complexity of a
function added in a release. This tool is described in further
detail in [10].

4 RESULTS AND DISCUSSION

4.1 Growth

The majority of the open-source and closed-source projects
analyzed have a similar growth rate with respect to the
increase of the total lines of code, the total complexity, and
the total number of functions when analyzed using a linear
approximation. A linear model was chosen based on an
analysis of several different models [10] and provides a
reasonable approximation of the growth for project
comparisons. A representative graph of the total number
of functions is shown in Fig. 1. This relationship is identical
to that found for the growth of total complexity and the
total size in LOC for the project. The linear model
parameters for size growth are shown in Table 2. The
parameters a and b are the coefficients of the linear
equation y ¼ aþ bx. The parameter x is the time in days
from initial release, and the parameter y is the percentage
growth increase of the number of functions over time. Two
parameters are calculated and shown in the table as well.
The absolute sum of squares of the error of the linear
model compared to the actual data is shown in the table,
which indicates how well the linear model tracks the actual
data. The Pearson Product Moment Correlation [11], r,
calculated between the time in days and the actual
percentage growth increase, reflects the extent of a linear
relationship between the two sets.

If we compare the equations for the graphs of the linear

approximation, we can see that the range of slopes for open-

source projects given by the parameter b (0.00030 to 0.00039)

is similar to that of closed-source projects (0.00016 to

0.00043). Similar patterns were seen for the slopes of the
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total complexity and total size growth. It is also important

to note that the correlation coefficient shows all of the

projects have strong positive correlation, indicating that a

linear model is a good approximation for the behavior of

the growth over time. These results suggest that open-

source and closed-source projects have a similar growth

rate over time with respect to the total functions, the total

size, and the total complexity of the release. It is interesting

to compare our results against the findings of other

researchers. In particular, the findings of Cook and Roesch

[1] and Gall et al. [3] were compared. The graph in Fig. 1

includes a linear approximation of the LOC data provided

by Cook and Roesch and that of Gall et al. Although the

data published by these researchers uses release sequence

numbers, an approximation was made of the days from

initial release by averaging the time span of the data studied

across the releases analyzed. We can see that the slopes of

the lines for the data from Cook and Roesch [1] and from

Gall et al. [3] fit into the pattern of slopes we see from our

results. By calculating the equations for the size growth of

these researchers’ data, we can compare the slope or the

size growth rate for each of the various projects. The slope

of the linear approximation for the project growth over time

of Cook and Roesch [1] and Gall et al. [3] is shown in Table 2

as well. All of the projects have a very similar slope or

project growth over time. The similarity of the growth of

project size over time to our analysis results may be

explained by the fact that the projects analyzed by Cook and

Roesch and Gall et al. have very similar characteristics to

the closed-source projects in our analysis. The closed-source

projects we examine are embedded real-time systems,

which is the same as the project analyzed by Cook and

Roesch. In addition, the projects analyzed by both Cook and

Roesch and Gall et al. are telecommunication products. This

is closely related to the domain of our closed-source

projects. This suggests that the growth rate of software

development with respect to time may not be entirely

dependent on the economic model nor on the project itself,

but may have more commonality throughout a particular

domain. It would be interesting to compare these results

with other domains to determine possible analogies.
The results indicate that open-source and closed-source

projects have a similar project size growth rate over time
with respect to the total number of functions and the total

size in LOC. We expect that the percentage growth rate over

time for open-source projects would be much greater than
that of closed-source projects. The constant and similar

growth rate between both closed-source and open-source
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projects is more clearly illustrated by the use of graphing the

percentage increase in a metric value, rather than the metric

value itself. Using this approach allows comparisons using

the same scale and minimizes the impacts of the number of

developers that a project has. Open source projects such as

the Linux kernel with approximately 60,000 functions are

significantly larger than some of the closed-source projects

in our study and, therefore, the growth in LOC per release is

larger. But, when normalized by examining the percentage

growth, we get a value that is comparable for varying

project sizes. While the number of developers is of concern,

we are not interested in the personal productivity of closed-

source and open-source projects, but rather on the overall

growth of the projects.
Future research in this area could involve examining

additional open-source and closed-source projects to see if

the commonality in growth rates is related to the economic

development model, or other project characteristics such as

programming language or environment.

4.2 Creativity

Gall et al. [3] investigates the growing rate of projects. The

growing rate is defined as the number of functions added

over time. Gall et al. finds that the growing rate is cyclical,

but generally decreases over time. A sample of the results

for our projects using a similar analysis is shown in Fig. 2

and Fig. 3. Our results indicate that four out of the six

projects analyzed (OS Apache, CM Project A, CM Project B,

and CM Project C) have a decreasing growth rate. The

exceptions are OS Linux and OS GCC, both of which have a

positive growth rate. When we compare the slope of the

linear trend lines of the open-source and closed-source

projects in Table 3, we find that the average of the open-

source projects is -0.000039, whereas the average of the

closed-source projects in our study was -0.001031. This

means that, on average, the open-source projects had a

positive linear growth rate of approximately 26 times that of

the closed-source projects. None of the commercial projects

in the study show any positive growth rate over time. This

supports the hypothesis that open-source projects foster

more creativity, as the open-source projects in our study

had higher positive growing rate than the closed-source

projects. As mentioned previously, the success of the open-

source projects in our study may have influenced the

results, as well as the domain of the closed-source projects.

However, comparing successful open-source projects to

successful closed-source projects provides the grounds for a

proper comparison.

4.3 Simplicity

We examine the complexity of the projects using three
metrics. The total complexity of each of the project releases
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is examined and an average of all the releases performed.

The second metric is calculated by dividing the total release

complexity by the number of functions in a release and

calculating the average function complexity across all the

releases. The third metric involves analyzing only those

metrics that were added in each release, determining the

average complexity of an added function in a release by
dividing by the complexity of the added functions by the
number of added functions, and calculating an average
across all the releases. The results of this analysis are shown
in Table 4. For all three metrics, open-source projects have a
higher complexity than the open-source projects. The total
complexity for open-source projects is higher, the average
complexity of a function is higher in open-source projects,
and the average complexity of a function added in a release
is higher in open-source projects compared to closed-source
projects. Our results do not support the hypothesis that
open-source projects are generally less complex than closed-
source projects. One possible explanation for our results is
that the domain of the closed-source projects was em-
bedded software kernels, whereas the domain of the open-
source projects was operating system and application
software. Embedded software is often constrained by
memory and size limitations, so the functions tend to be
less complex to enhance real-time performance. Complexity
is often strongly influenced by the individual programmer’s
style, as well as organizational processes that limit the
complexity of an individual module as part of a coding
standard. None of the closed-source projects in our analysis
were subject to limitations on individual module complex-
ity and, to our knowledge, none of the open-source projects
were either. It would be interesting to compare the
complexity of other domains to determine if there is a
strong relationship between the development model and
the complexity of the software.

4.4 Defects

The amount of defects is analyzed by examining the
number of functions that changed over time. Gall et al. [3]
refer to this as the changing rate. If defects are being found
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and fixed faster, we would expect the graphs for changing

rate to start off high and to decrease at a sharp slope over

time. Therefore, an examination of the linear model

parameters can identify these trends, as is shown in

Table 5. We can see that the y-intercept for open-source

projects is generally higher than the y-intercept for closed-

source projects, indicating that more functions were initially

changed. In addition, the slope for open-source projects

generally has a steeper negative slope, indicating that less

and less functions are being modified over time. This

supports the hypothesis that more defects are found and,

subsequently, the product becomes more stable over time.
The number of modules changed as a percentage of the

total number of modules in the release is also examined,

and the results averaged across all of the releases. The data

from our analysis is shown in Table 6. The open-source

projects in our analysis have an average percentage of

functions modified of 8.95 percent, significantly larger than

the value of 3.24 percent, which is the average percentage of

functions modified for closed-source projects. This also

supports the hypothesis that more defects are being found

and fixed over time in open-source projects than in closed-

source projects. The Linux and Apache projects have the

largest percentages, followed by the closed-source Project B.

Linux shows the largest average of functions modified as a

percentage of the total functions, but this is due to the

granularity of our sampling. Since our analysis focuses only

on the major developmental releases for Linux, we get an

artificially high number for functions added and modified

for the Linux project.

4.5 Modularity

Gall et al. [3] also compare the growing rate to the changing

rate over time for their system. Their results show that the

growing rate and the changing rate track each other for

some of the releases and, in other releases, the changing rate

increases when many new programs were added. The

authors find that no significant correlation between the two

rates can be established. One of the main differences in our

results is that the changing rate is typically lower than the

growing rate for the majority of projects analyzed. For the

project analyzed by Gall et al. [3], the changing rate was

always higher than the growing rate. This may imply that

the projects in our analysis were in a more stable phase of

development, which resulted in less feature addition and

higher maintenance. Another difference was how our

results demonstrated correlation. A summary of the

correlation calculated between the functions added and

the functions modified is shown in Table 7. High positive

significant correlation is demonstrated by the open-source

projects, yet the closed-source projects do not show any

significant positive correlation.

As mentioned in the literature survey, O’Reilly [9] notes

that extensibility is a characteristic of open-source systems.

If open-source systems are generally more extensible than

closed-source systems, then there should be more coupling

in closed-source systems. With tighter coupling, adding a

feature would require more changes to existing modules to

support such a feature. Therefore, we expect that closed-

source projects would exhibit stronger positive correlation

between functions added and functions changed compared
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to open-source projects. However, our analysis finds the

opposite for the projects we investigated. For the open-

source projects in our analysis, the number of functions

added per release is strongly related to the number of

functions modified per release. For the closed-source

projects, the number of functions added and modified

seems unrelated. This may mean that the development

model itself may influence how projects evolve; perhaps not

in terms of the overall growth but in how modules are

added and modified. Future research may involve validat-

ing this finding against other closed-source and open-

source projects and attempting to explain why this

correlation is as strong as it is in open-source projects.

5 CONCLUSION

A summary of the results is shown in Table 8. Our analysis

does not support the hypothesis that open-source develop-

ment fosters faster system growth than closed-source

development. When compared using a linear model, the

slopes of all of the projects in our analysis are similar. This

could indicate that other external factors have more impact

on the evolutionary characteristics of the software than the
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economic model for the production of the software itself.

This may also indicate that we have independently

validated Lehman’s FEAST hypothesis [6] that external

global factors and feedback mechanisms have a greater

impact on the evolution of software than the development

method. If this is the case, then our research implies that

whatever these feedback mechanisms or global processes

are, they are shared in both open-source and closed-source

project development environments. Future research may be

able to explore this further, and provide a hypothesis for

what these shared processes or feedback mechanisms are.

The hypothesis that open-source software fosters more

creativity is supported by our analysis. The growing rate,

or the number of functions added, was greater in the

open-source projects than in the closed-source projects.

This indicates that the open-source approach may be able

to provide more features over time than by using the

closed-source approach. Practitioners interested in captur-

ing market share by providing additional features should

look to the open-source methodology as a method to

achieve this.

In terms of defects, our analysis finds that the changing

rate or the functions modified as a percentage of the total

functions is higher in open-source projects than in closed-

source projects. This supports the hypothesis that defects

may be found and fixed more quickly in open-source

projects than in closed-source projects and may be an added

benefit for using the open-source development model. As

was noted by Wheeler [13], open-source software projects

often have a large number of testers since a large portion of

the users become the testers. The users are also able to

identify the defects and may even provide a solution.

Our analysis did not support the hypothesis that open-

source projects are more modular. The correlation between

the functions added and the functions modified is sig-

nificant in open-source projects, suggesting that adding

features in open-source projects requires additional changes

to existing modules because of tight coupling. In closed-

source projects, there was little to no correlation. This

indicates that open-source projects may be prone to

problems with coupling. Open source system architects

should be mindful of this possibility and implement

strategies to reduce coupling when using open-source

development methods.

The hypothesis that open-source projects are generally

less complex than closed-source projects is not supported

by our analysis. All of our metrics in our analysis show that

the closed-source projects are less complex than open-

source projects in our analysis. Practitioners who are

starting an open-source project may wish to implement

coding practices and guidelines that limit individual

function complexity. This may also reduce the tight

coupling as was evidenced by the correlation between the

functions added and the functions modified.

In summary, our research validates two of the key

perceptions about open-source software, while three com-

mon perceptions were not supported by our analysis.

Companies considering the move to using an open-source

development method for future projects should consider all
of the goals they are trying to achieve and ensure that

proper metrics are collected and monitored to ensure these

goals are achieved. Future research into this area may

further validate these perceptions, and expand the empiri-

cal data available for review.
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