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Software reliability is a critical component of computer system availability. Software reliability growth models
(SRGMs), such as the Times Between Failures Model and Failure Count Model, can indicate whether a
sufficient number of faults have been removed to release the software. The Failure Count Model is based on
counting failures and probability methods. Representatives of this type of model include the Goel-Okumoto
NHPP Model and the Musa Execution Time Model.

Recent studies have attempted to describe the dynamics of developments using a stochastic process, however
they have not evaluated the dynamics with actual dataset. Existing methods assume that each parameter is
independent of time, which leads to the inability to account for dynamics. I hypothesize that if several developers
suddenly join a project in which a SRGM is applied, the development environment suddenly changes, and
resulting in several influences, especially on the SRGM parameters since such sudden changes should be treated
with time dependent parameters. These assumptions limit the models but also make the models solvable by
mathematical methods. For example, the Goel-Okumoto NHPP model has two parameters (i.e., the total number
of faults and fault detection rate), which are independent of time because the Goel-Okumoto NHPP model
equations cannot be solved if these values have time dependencies. Although Okamura et al. propos a
multi-factor software reliability model framework which can deal with the measurements observed in testing
phase such as test coverage and the number of test workers and so on. Their method employ the logistic
regression to analyze the relationship between the probability of occurrence of an event and environmental
factors which would include person hours. Although they evaluate their method with five datasets including the
number of test cases, cumulative test cases, and increment of code coverage and so on, they do not evaluate their
method with person hours.

On the other hand, software development projects have uncertainties such as developers’ skills and
development environments. However, existing software reliability growth models do not contain these
uncertainty elements. I assume that the uncertainties in the development process affect the ability to detect faults
and are modeled as a Gaussian white noise that is a simple but commonly used noise.

As far as I know, previous studies use linear stochastic differential equations, but my research uses nonlinear
stochastic differential equations to model actual situations more realistically. These studies and SRGMs treat
several datasets only in the given situation (e.g., within the same company or organization). In short, existing
models are applied to the situation from which the datasets are obtained, and are evaluated from different
domains. For example, one work evaluates several SRGMs with automotive software datasets, while another
assess two SRGMs with an army system dataset. Rana et al. study four software projects from the automotive
sector and conclude two statistic SRGMs perform better than other SRGMs. On the other hand, Goel et al.
investigate two stochastic SRGMs with a U.S. Navy project dataset and conclude their model provides a
plausible description. These studies do not evaluate existing SRGMs with other domains.

SRGMs sometimes misfit the actual data in ongoing developments. In addition, the results do not always match
the developers' expectations. If SRGMs misfit the actual data, the managers and developers will decide wrong
plans, for example stopping testing early or release software which has not been tested enough. On the other
hand, if the results of SRGMs indicate that the faults are enough detected or not enough detected contrary to the

No.1



managers and developers' expectations, they will decide wrong plans too. If software is released with several
faults left, the company which have released it will take time to debug it.

In order to treat the dynamics and uncertainties in software developments, I propose a model called the
Generalized Software Reliability Model (GSRM) to describe several development situations that involve random
factors (e.g., developers’ skills and development environment) to estimate the time that a development will end.
Additionally, I predict the release times of open source software (OSS) using the GSRM and agile development.
Moreover, I apply the GSRM and SRGMs to company's datasets and predict the ranges of the release times. Due
to random factors, the GSRM in each situation has an upper and lower limit, suggesting that the GSRM can
predict the maximum and minimum number of faults. I formulate the upper and lower limit equations for three
development situations with approximations in order to treat these equations easily and predict the ranges of the
release times.

I evaluate the GSRM and other models using datasets from different organizations and circumstances. The
GSRM can quantify uncertainties that are influenced by random factors, which is important to more accurately
model the growth of software reliability and to optimize development teams or environments. Additionally I
apply the GSRM to companies’ dataset and propose applications of the GSRM.

In my thesis, I explain about the GSRM which treats uncertainties and dynamics and propose its applications.
In Chapter 4, 1 define the methods to predict release times. In Chapter 5, I define the ranges of release time. In
Chapter 6, I apply SRGMs to the datasets of two projects in order to determine when SRGMs provide ill-fitted or
unexpected results. In Chapter 7, in order to avoid misfitting and mismatching the developers' expectations, I
propose good accuracy SRGMs using person hours. Additionally I propose a leveled SRGM which indicates a
standard line of developments and can be used to help managers and developers assess the progress of a
development. In Chapter 8, I extend the leveled SRGMs by classifying the projects.

My thesis is organized as follows.

In Chapter 1, I introduce the objective of this research with research background. This chapter defines the
research area of the thesis by referring related works.

In Chapter 2, I describe the overview of this thesis.

In Chapter 3, to evaluate my model, I simulate nine types of development situations using the Monte Carlo
method. To simplify the application of my model, I divide the situations related to uncertainty situations into
three types and derive an approximation equation for each. Finally, I apply the approximation equations to four
projects from two different organizations and classify these projects into three uncertainty types.

In Chapter 4, I define the methods to predict release times by using the GSRM and an NHPP model
(Exponential model). In general, the time when the development will end is planned as when the number of
detected faults is getting around 95% of the predicted number of faults. SRGMs can calculate the predicted
number of faults and the time when the development will end. Using the GSRM, I successfully predict the
release dates and the number of issues about OSS.
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In Chapter 5, 1 define uncertainty values from actual data containing information on the faults during
development, and apply the GSRM to three datasets to calculate the ranges of time, including the range of
possible development times considering the uncertainty values. I also examined how well the GSRM can predict
the required development time using actual datasets. By using past data, the GSRM can calculate the
uncertainties and predict how long a project will take.

In Chapter 6, I apply SRGMs to the datasets of two projects developed by Fujitsu Labs Ltd. in order to
determine when SRGMs provide ill-fitted or unexpected results. I assume that the detected faults differ by test
phase, and this difference is the source of misfit between the model and actual data. To investigate the source of
unexpected results, two different SRGMs are used. Separating the faults into test phases and combining the
results provides a better fitting model. I successfully obtain a good fitness model by separating faults by test
phase and applying SRGMs. Moreover, I find unexpected situations in development by monitoring the faults and
the behavior of SRGMs. These results demonstrate that if developers and managers monitor the behavior of the
SRGM results from the beginning of development, they can detect several unexpected situations earlier than
ever.

In Chapter 7, in order to avoid misfitting and mismatching the developers' expectations, I propose new good
accuracy SRGMs using person hours. I assume that SRGMs based on calendar time cannot realize accurate
predictions, because many kinds of SRGMs treat calendar time, which includes holidays and non-testing time
and does not reflect the actual efforts by developers. Finally I successfully model nine actual datasets. SRGMs
based on person hours are between 13% and 97% more precise than those based on calendar time. Moreover, I
propose leveled SRGMs based on the fault density and the rates of person hours as well as the rates of used test
cases. The leveled SRGMs indicate the standard line of development, which can be used to help managers and
developers assess the progress of a development. My interviews of managers about the models indicate that
leveled SRGMs provide useful information about the progress of the projects.

In Chapter 8, I extend the leveled SRGM by classifying the projects contained within the leveled SRGM. Prior
to the test phases, I select system scale parameters such as the lines of code, number of test cases, and test
density (which is defined as the number of test cases divided by lines of code) as classification parameters to
create a leveled SRGM. I successfully model nine actual datasets by classifying with system scale parameters.
The SRGM classified by test density can more precisely model the data than other classifications, including no
classification.

In Chapter 9, I conclude the thesis and explain future work.
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