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Resumen en Espaiiol

Hoy en dia, cada vez mas empresas desarrollan, combinan e incluyen software
de distintas formas en sus productos. Ademas, muchos de los sistemas de los que
nuestras vidas y medios de vida dependen, son administrados por software. Como los
componentes de software de casi cualquier producto crecen y se vuelven cada vez mas
complejos, los retrasos en el cronograma, los sobre-costos y los problemas de calidad
ocasionados por el desarrollo de software se estdn convirtiendo en uno de los
principales problemas que deben afrontar las empresas. Los productos de software van
desde cientos a millones de lineas de cddigo, donde cada linea es escrita por un
ingeniero de software. Las empresas de software dependen de las personas, por lo que
sus técnicas y su experiencia son determinantes para el resultado del proceso de
desarrollo.

El Personal Software Process (PSP) es un proceso de desarrollo de software
definido, medible, y disefiado para ser utilizado por un ingeniero de software de forma
individual. E1 PSP aborda directamente las necesidades de las empresas de software
mediante la mejora de las técnicas y las habilidades individuales de los ingenieros de
software, proporcionando ademas una base cuantitativa para la gestion del proceso de
desarrollo. Al mejorar el desempefio individual, el PSP puede mejorar el rendimiento de
la organizacion.

Durante muchos afios, el Software Engineering Institute (SEI) de la Universidad
Carnegie Mellon ha capacitado a ingenieros de software en el Personal Software
Process. Los cursos de PSP han cambiado a lo largo de los afios. Varias versiones del
curso utilizan los mismos ejercicios de programacion, pero introducen las fases del
proceso y las técnicas en momentos diferentes. La primera version del curso cuenta con
varios estudios publicados que demuestran una mejora en el desempefio del
desarrollador luego de la insercion del proceso, pero el analisis retrospectivo deja
algunas amenazas a la validez externa. Dado que los programas del curso son en un
mismo dominio de aplicacion, una amenaza que surge es que la mejora podria ser
causada por la repeticion de la programacidn y no necesariamente por la introduccion de
técnicas y de fases del proceso. Por lo tanto, la pregunta es si las mejoras se deben a las
fases y técnicas o debido a la repeticion de programacion durante el curso (efecto de
aprendizaje por repeticion).

Dada esta situacion, el objetivo principal de esta tesis consiste en utilizar los
datos de las ultimas dos versiones de cursos de PSP para determinar si las diferentes
técnicas introducidas mejoran aspectos del desempefio de los desarrolladores, o si esa
mejora surge como consecuencia de ganar experiencia en el dominio de aplicacion. El
segundo objetivo es documentar observaciones y resultados de estas dos versiones mas
recientes, las cuales atin no tienen estudios publicados.

Analizamos el desempefio de 347 ingenieros durante el entrenamiento del PSP
con respecto a cuatro dimensiones: la densidad de defectos en pruebas unitarias, el yield
del proceso, la tasa de produccidn, y la precision en la estimacion de tamafio.
Utilizamos los datos de los cursos de PSP que fueron dictados entre junio de 2006 y
junio de 2010. Estos cursos fueron brindados por el SEI o por socios (partners) del SEL
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Respecto a las observaciones de los cursos, encontramos una reduccion en la
media de la densidad de defectos en pruebas unitarias de un factor de 2.3, un aumento
en la media del yield del proceso en un factor de 1.9 y una reduccién en la media de la
precision de la estimacion de tamafio en un factor de 2.6 . Estos tres resultados muestran
mejoras significativas, que siguen la misma linea que los resultados publicados del
curso anterior. También encontramos una reduccion en la media de la tasa de
produccion en un factor de 0.7, lo que difiere de los estudios anteriores y muestra un
deterioro en la productividad de los ingenieros.

Ademas, nuestros resultados sugieren que las mejoras en la densidad de defectos
en pruebas unitarias y en el yield del proceso son mas plausibles por las técnicas del
PSP que por la repeticion de la programacion. Para la precision en la estimacion de
tamafio y para la tasa de produccidon no pudimos descartar por completo el efecto del
aprendizaje en el dominio de aplicacion como la principal causa de los cambios. Sin
embargo, los resultados nos llevan a pensar que las fases del proceso son probablemente
una de las principales razones de los cambios. Como trabajo futuro proponemos varios
experimentos controlados, los que permitiran evaluar en profundidad los efectos de la
repeticion de la programacion.
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Abstract

Nowadays, more and more businesses develop, combine and include software in
their products in different ways. Also, many of the systems, on which our lives and
livelihoods depend, are run by software. As the software component of almost any
product grows and gets more complex, schedule delays, cost overruns, and quality
problems caused by software development are becoming a main problem for business.
Software products are made of hundreds to millions of lines of code, each one
handcrafted by a software engineer. Software businesses depend on people, so their
technical practices and their experience strongly determine the outcome of the
development process.

The Personal Software Process (PSP) is a defined and measured software
process designed to be used by an individual software engineer. The PSP directly
addresses the software businesses needs by improving the technical practices and
individual abilities of software engineers, and by providing a quantitative basis for
managing the development process. By improving individual performance, PSP can
improve the performance of the organization.

For many years, the Software Engineering Institute (SEI), of the Carnegie
Mellon University has trained software engineers in the Personal Software Process. The
PSP courses have changed throughout the years. Several versions of the course use the
same programming exercises, but introduce process phases and techniques in modified
sequences. An earlier version of the course has several published studies demonstrating
improvement in developer performance with process insertion, but the retrospective
analysis left some threats to external validity. One threat is the confounding of the effect
of introducing process phases and techniques insertions with the gaining of domain
experience as related programs are developed. Therefore, the question is if the
improvements are due to the phases and techniques or due to the programming
repetition during the course (learning effect).

Given this known problem, the main goal of this thesis is to use the PSP data
from the latest two course formats to determine whether the different techniques
introduced improve several aspects of developers’ performance, or if such improvement
is only a consequence of gaining experience in the problem domain. A secondary goal is
to document observations and results of the two recent course versions, which do not
yet have published studies.

We analyzed the performance of 347 engineers during the PSP training with
respect to four performance dimensions: defect density in unit testing, yield, production
rate and size estimation accuracy. We used data from PSP courses taught between June
2006 and June 2010. These courses were taught by the SEI or by SEI partners.

Regarding the courses observations, considering both courses we find out that
the mean reduction in defect density in unit testing is a factor of 2.3, the mean increase
in yield is a factor of 1.9 and the mean reduction in size estimation accuracy is a factor
of 2.6. All these three results reveal significant improvements, which follow the same
line of the earlier course published results. We also find out that the mean reduction in
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production rate is a factor of 0.7, which differs from the previous studies and reveals a
deterioration of the engineers' rate.

Also, our results suggest that improvements in defect density in unit testing and
yield are most plausible regarding mastering PSP techniques rather than programming
repetition. For size estimation accuracy and production rate we were not able to fully
discard the domain learning effect as the root causes of the changes; however the results
leads us to think that the process phases are probably one of the main reasons of the
changes. As future work we propose several controlled experiments, which will allow
evaluating the programming repetition effects in depth.
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Chapter 1

Introduction

Nowadays, more and more businesses develop, combine and include software in
their products in different ways. Companies need to develop software to support the
design, manufacture or delivery of the products and services they provide. Therefore,
without noticing, all businesses are becoming software businesses. As the software
component of their business grows, schedule delays, cost overruns, and quality
problems caused by software development are becoming their main business problem.
This is why despite their best management efforts, their risk of failing increases along
with the increase in the size or complexity of the software they produce [1].

In this context, software business needs improved software quality, better cost
and schedule management as well as reduced software development cycle time. To
reach these needs, it is becoming increasingly important to adopt processes and
techniques which allow to improve software quality, do better estimations and keep
software development under control. Also, if we consider that ... many of the systems
on which our lives and livelihoods depend are run by software” [2], know whether the
processes and the applied techniques lead to develop high quality products is of vital
importance.

Software products are made of hundreds to millions of lines of code, each one
handcrafted by a software engineer. Software businesses depend on people, so their
technical practice and their experience strongly determine the outcome of the
development process.

The Personal Software Process (PSP) is a defined and measured software
process designed to be used by an individual software engineer. The PSP directly
addresses the software businesses needs by improving the technical practices and
individual abilities of software engineers, and by providing a quantitative basis for
managing the development process. By improving individual performance! PSP can
improve the performance of the software development team and the organization [3].

The Team Software Process (TSP) is a software development process for teams
that satisfies the aforementioned software business needs and which uses the PSP for
each team member [4] [5]. The TSP is used in the software industry and a recent book
by Caper Jones, in an independent evaluation, indicates that it is the best software
development process for medium and large scale projects [6]. A large percentage of the
TSP practices take place at an individual level, that is, practices that arise during the use
of the PSP.

' The term “performance” covers several aspects, such as improve the quality of the produced product,
produce better estimations, and increase the code production rate, among others. It should not be confused
with productivity.
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Therefore, is important to know whether the processes and the applied
techniques of the PSP lead to develop high quality products. The main topic of this
thesis is to know if the different techniques and phases of the PSP (and so, the PSP
itself) produce positive changes in the aforementioned aspects of the software
development.

1. Context and Motivation

“The Personal Software Process is a self-improvement process that helps you to
control, manage, and improve the way you work." - W. S. Humphrey, 2005.

The PSP is a software development process for the individual. The process helps
the engineer to control, manage and improve his or her work. The PSP establishes a
highly instrumented development process that includes a rigorous measurement
framework for effort and defects. This process includes phases that the engineer
completes while building the software.

For each software development phase, the PSP has scripts that help the software
engineer to follow the process correctly. The phases include Planning, Detailed Design,
Detailed Design Review, Code, Code Review, Compile, Unit Test, and Post Mortem.
For each phase, the engineer collects data on the time spent in the development phase
and the defects injected and removed, as is shown in Figure 1.

Requirements

|

Planning s

Design =3 Plan

Design Review

- Logs
. uide Code
Scripts - > R 7Besults

Code Review

s vy v
4 Compile ; Project
: e Record time Summary
Ep Rest - and defects

Postmortem

|

Finished product
Figure 1: The PSP phases, scripts, logs and project summary

The PSP is taught through a course. There are three different course versions.
During the course, the engineer builds programs while progressively learning PSP
planning, development, and process assessment practices. For the first exercise, the
engineer starts with a simple and defined process. As the class progresses, new process
phases and elements are added, from Estimation and Planning to Code Reviews, to
Design, and Design Review. As these elements are added, the process changes.
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There are six PSP processes, also called PSP levels: PSPO, PSP0.1, PSP1,
PSP1.1, PSP2, and PSP2.1. Each process builds on the prior process by adding
engineering or management activities, as shown in Figure 2. By gradually adding
techniques, the developer is able to analyze the impact of the new techniques on his or
her individual performance. The PSP is in fact the PSP2.1 level. The other PSP levels
exist exclusively for the purposes of the teaching the PSP.

Design templates

Code reviews

Design reviews

Task planning
Schedule planning
Size estimating
Test report

Coding standard
Size measurement
Process improvement proposal

Current process
Time recording
Defect recording
Defect type standard

Figure 2 : The PSP Process Levels

In the last 20 years, thousands of software engineers attended the different
courses and were trained in the techniques of the PSP. The PSP courses are taught by
the Software Engineering Institute (SEI), of the Carnegie Mellon University, or by SEI
partners. A systematic data collection is conducted for all training participants. Data
from which learning effectiveness and quality improvements of the software being
developed can be derived.

Data of the first version of the PSP course show that PSP can improve the
business of software development in several ways:

e Data from the PSP improve planning and tracking of software projects.

e Early defect removal results in higher quality products, as well as
reductions in test costs and cycle time.

e PSP provides a classroom setting for learning and practicing process
improvement. Short feedback cycles and personal data make it easier to
gain understanding through experience.

e PSP helps engineers and their managers learn how to practice
quantitative process management. They learn to use defined processes
and collect data to manage, control, and improve the work.
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Several versions of the course use the same programming exercises, but
introduce process phases and techniques in modified sequences. An earlier version of
the course has several published studies demonstrating improvement in developer
performance with process insertion [7] [8] [9] [10] [11] [12], but the retrospective
analysis left some threats to the validity of these claims. One threat to the validity of
the claims of these studies is the confounding of the effect of introducing process phases
and techniques insertions with the gaining of domain experience as related programs are
developed. Therefore, the question is if the improvements are due to the phases and
techniques or due to the programming repetition during the course.

To clarify the threat to validity mentioned above, we present a simple example.
Suppose that when studying the PSP course data through a statistical analysis we find a
significant improvement in some aspect of the engineers' performance. Looking in
detail, we see that such improvement is happening between the fourth and the fifth
program. If in that course, a PSP phase or a new technique was introduced in the fifth
program (i.e. a PSP level change has occurred between programs 4 and 5), then we
might think that that PSP level change is the responsible for the improvement on the
engineers' performance. However, it may happen that the improvement is occurring
because the engineers tend to improve that particular aspect of the performance in the
fifth program due to the programming repetition, independently if a technique (or a PSP
phase) is introduced or not in that assignment.

It is important to dispose of this threat to validity and be able to know if the
introduction of the phases and the techniques are the root cause of the improvements of
the engineers’ performance. It is essential to know that the PSP and the techniques that
are applied during the process are the ones that produce these improvements in order to
provide research opportunities to the scientific community of software engineering and
software development companies as well as supply opportunities to adopt these
techniques and acquire best software products in controlled costs, on schedule and with
the desired quality.

2. Problem and Goals

Based on studies of the first PSP course version, the community assumes that
current PSP courses and the PSP are working due to the specific techniques introduced,
and that the process insertion has positive and substantial benefits.

Several empirical studies on the effects of PSP were published during the last 15
years, among others by Hayes et al. in 1997 [7] and by Rombach et al. in 2007 [8].
Hayes identified five hypotheses for validating the effectiveness of the PSP based on the
first course version data. In 2007 Rombach, with a larger data set of the same course
version, re-analyzed Hayes’ hypotheses and suggested an additional hypothesis. For
some hypotheses, their findings confirm each other while other hypotheses are
answered in contradictory ways.

Something that has not yet been extensively studied is the effect of the exercise
repetition during the course. We believe that gaining experience in the problem domain
could not yet be discarded as one of the reason of the improvements. It is necessary to
analyze the data of the courses in order to separate the different technique introduction
effects from the domain learning effects. In this way, we will be able to evaluate the
main reasons of improvements, and also make a contribution by giving more tools to the
community and the industry to evaluate the cost and benefits of using PSP.

4



Chapter 1. Introduction

Given this known problem (validity threat to prior experiments in PSP), the main
goal of this thesis is to use the PSP data from the latest two course formats to determine
whether the different techniques introduced improve several aspects of developers’
performance, or if such improvement is only a consequence of gaining experience in the
problem domain. More specifically, we intend to conduct an empirical investigation of
the data collected during the courses to evaluate the effectiveness of the techniques and
phases that are involved in the process, and the impact of programming repetition
during the course. A secondary goal is to document observations and results of the two
recent course versions, which do not have yet published works.

For our thesis, we decided to base our work in the aforementioned studies of
Hayes and Rombach, and evaluate the effects of the last two PSP course versions by
selecting a group of four hypotheses. But in our study we focus on determining the main
reason of the improvements and not just evaluating the effect size® of the improvements.

Therefore, we defined the particular goals of this thesis as:

e Analyze and compare the data collected at the PSP levels in two different
courses for the purpose of evaluating performance improvements of
engineers with respect to defect density in unit testing / yield /
production rate / size estimation accuracy from the viewpoint of a
researcher in the context of the PSP training of engineers in “PSP for
Engineers I/II revised” course and the training of engineers in “PSP
Fundamentals and Advance” course.

e In case of improvements, determine if these are due to the specific
techniques introduced or if such improvements are only a consequence of
the experience in the problem domain.

3. Proposal and Development

Based on the previous studies of the effectiveness of PSP we defined our
particular goals. We define one hypothesis test for each of the variables under study
(defect density in unit testing, yield, production rate and size estimation accuracy).

So as to reach our particular goals it was necessary to carry out statistical
analysis of the data collected in the last two PSP courses versions, the SEI provided us
all necessary data from PSP classes, with appropriate precautions to protect the students’
privacy.

Even knowing that the PSP brings a tool for each student to collect the process
data during the assignments, it could be of poor quality. We consider that it was
important to find a way to ensure that the statistical analyses were based on quality data.
Therefore, in order to reach this, we developed an integrated data storage model. We
designed the model in order to support the analysis and the assessment of data quality,
based on the data quality theory [13].

The first step towards identifying quality problems was to understand the reality
and context to analyze. This includes the PSP in itself, exploring the tool the students
use for recording their data and the model of the database. Afterwards, we analyzed the
dimensions and quality factors of this set of data, which are interesting to measure and

2 An effect size is a measure of the strength of a phenomenon. This is explained in detail in Chapter 5,
Section 2.1.
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consider. In this way, we thoroughly identified and defined possible quality problems
that the data under study might contain, we implemented the algorithms required for
measuring, cleaning and collecting the metadata and executed those algorithms
afterwards. After the data cleaning process we obtain a data set with the necessary
quality for our statistical analyses. Our proposal to assess the quality of the collected
data and the cleaning procedure are presented in Chapter 4and in Appendix 3.

Differences in performance between engineers are typically the greatest source
of variability in software engineering research, and this study is no exception. However,
the design of the PSP training class and the standardization of each engineer’s
measurement practice allow the use of statistical models which are well suited for
dealing with the variation among engineers.

To know whether engineers improve their performance during the course, we
studied the changes in engineers’ data over seven different programming assignments.
Rather than analyzing changes in group averages, this study focuses on the average
changes of individual engineers. Some engineers performed better than others from the
first assignment, and some improved faster than others during the course. In order to
discover the pattern of improvement in the presence of these natural differences
between engineers, the statistical method known as the repeated measures analysis of
variance (ANOVA for repeated measures) is used [14]. Briefly, the repeated measures
analysis of variance takes advantage of situations where the same subject (in this case
the students) are measured over a succession of trials. By treating previous trials as
baselines, the differences in measures across trials (rather than the measures themselves)
are analyzed to uncover trends across the data. This allows for differences among
baselines to be factored out of the analysis. In addition, the different rates of
improvement between people can be viewed more clearly. If the majority of people
change substantially (relative to their own baselines), the statistical test will reveal this
pattern. If only a few people improve in performance, the statistical test is not likely to
suggest a statistically significant difference, no matter how large the improvement of
these few people may be.

To analyze whether performance improvements are due to the programming
repetition or due to the phases and techniques introduction, we used an indirect
statistical method of analysis. This method consists of three steps in which the
relationships between program number, PSP level, course version and engineers’
performance are examined applying ANOVA.

The first step tries to find out whether are there differences between the two
courses by comparing the variable under study for each program assignment. If there are
significant differences in the dependent variable with the exercise sequence but without
change in the PSP level, then the PSP level cannot be the root cause of the differences
in the variable under study. On the other hand, when we find differences through the
exercises with different PSP level, then we should move forward to the second step in
order to find if the PSP level could be the root cause of the changes.

We know that in each course, each program assignment is completed following a
specific PSP level. The second step looks at each course separately, and tries to find if
the differences between the course programs assignments are taking place when the PSP
level has changed or if the differences are taking place even when the PSP level has not
changed between two assignments. If there are significant changes between programs
assignments with the same PSP level, this can lead us to think that the effects on the
dependent variable are due to the repetition of exercises and not due to a specific
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technique introduction. Otherwise, if the significant changes are only between programs
assignments with different PSP level, then we must study (in the third step) the behavior
of the engineers’ performance through the PSP levels, when grouping the program
assignments by PSP level.

The third and last step looks at each course separately again, and tries to find if
the differences between the PSP levels are taking place when a specific technique that is
expected to improve an aspect of the engineers’ performance is in fact introduced. If
there are significant changes between PSP levels where the technique is introduced, this
will be showing that the technique introduced is the factor affecting the introduced
engineers’ performance and not the program repetition. The hypothesis test, the design
of the experiment and the proposed analysis method are detailed in Chapter 5.

4. Results

In order to determine if there are improvements in the individual engineers’
performance through the courses, the data of the last two course version were analyzed,
both separately and together. This analysis corresponds to our secondary particular goal.
When performing the analysis we found:

e A significant improvement in defect density in unit testing with a mean
reduction of a factor of 2.3

e A significant improvement in process yield with a mean increase of a
factor of 1.9

e A significant deterioration in production rate with a mean reduction of a
factor of 0.7

e A significant improvement in size estimation accuracy with a mean
reduction of a factor of 2.6

Our findings in regards to defect density in unit testing and yield are consistent
with both Hayes and Rombach findings. Regarding to production rate, our findings
differ from both previous studies, as Hayes findings reveals no gain or loss while
Rombach findings reveals an improvement. On the other hand, our findings regarding
size estimation accuracy are consistent with Hayes findings, but differ from Rombach’s.

In order to reach our main goal, in regards to the study of the programming
repetition effects and the effects of the phases and techniques introductions, we
followed the three step analysis approach that we defined for each hypothesis to
determine the main reason of the changes. Our results suggest that:

e The improvements in defect density in unit testing are most plausible
regarding mastering PSP techniques rather than programming repetition

e That design and code reviews techniques are the main reason of the
improvements in process yield rather than the learning effect.

e We cannot affirm that the PSP level is the main reason of the production
rate changes, although both courses appear to be effective in
demonstrating that the increments in the amount of design documentation
and data tracking proposed by the PSP deteriorates the production rate

e We were not able to discard the domain learning effect as the root causes
of the size estimation accuracy improvements, as the estimation

7
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technique introduced in the PSP courses is based on historical data and
needs repetition.

The results for both, the first and the second objective of this thesis are presented in
Chapter 5.

5. Publications

During the thesis, two articles were published. The first one was accepted for the
proceedings of the TSP Symposium 2012 and included in a SEI Special Report. The
other was accepted and presented in the IX Jornadas Iberoamericanas de Ingenieria de
Software e Ingenieria del Conocimiento (Iberoamerican Conference in Software
Engineering and Knowledge Engineering), 2012. Both articles are included in Appendix
6.

e A Cross Course Analysis of Product Quality Improvement with PSP
Fernanda Grazioli, William Nichols.
Proceedings TSP Symposium 2012: Delivering agility with discipline (Special
Report Software Engineering Institute, Carnegie Mellon University, CMU/SEI-
2012-SR-015), pp.76—=89, Saint Petersburg, Florida, EEUU, September 2012.

e Un Estudio de la Calidad de los Datos Recolectados durante el Uso del
Personal Software Process (An Study of the Quality of the Data Collected
During the Use of the Personal Software Process)

Carolina Valverde, Fernanda Grazioli, Diego Vallespir
IX Jornadas Iberoamericanas de Ingenieria de Software e Ingenieria del
Conocimiento (JIISIC), pp. 37—44, Lima, Perti, Noviembre de 2012.

6. Document Structure

This document consists of this introduction and six more chapters. The chapter
“Background on Software Quality and Planning using the PSP ” presents the necessary
background in software quality and PSP in order to understand the thesis work.

The chapter “Background in Empirical Software Engineering and Statistical
Analysis Methods” contains fundamental terms and concepts of Empirical Software
Engineering (ESE). It also presents the statistical data analysis methods that were used
as a basis for the approaches applied in this study.

In the chapter “Data Quality in the PSP the data quality theory is introduced,
and presents the impact of data quality in ESE. The data error analysis that was done for
the available data, the applied methodology and the error types that were defined for
this study are explained. A brief summary of the metric definitions, measures and data
cleaning for the data cut-offs is also included.

The “Data Analysis” chapter presents the analysis, results, threats to validity
and conclusions for each of the four hypotheses studied. Also an explanation of the data
set and an indirect statistical method proposed for the analysis are presented.

The chapter “Related Work” presents several empirical studies on the effects of
PSP and their results are compared against the results that were obtained in this work.
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Finally, in the chapter “Conclusions and Future Work” the conclusions, the
contributions of the research, as well as the future work are presented.






Chapter 2

Background on Software Quality and
Planning using the PSP

There are models and processes that seek to improve the quality of software
products. Many of these models have been used successfully in the industry. The
Personal Software Process is one of them. This chapter introduces the concept of
software quality, in order to understand the need for these models at different
organizational levels. Then, the PSP is presented in detail in order to know its
principles, phases, techniques and metrics. Since the PSP is taught through the courses,
and it is during the courses that the data analyzed in this work is collected, in the final
section the different formats for the existing courses are presented. It is essential to
understand and know the PSP, as well as knowing how the different techniques are
introduced during the several courses, in order to define how to evaluate the PSP
application process.

1. Software Quality

Until shortly after World War II, the quality strategy in most industrial
organizations was based almost entirely on testing. Groups would typically establish
special quality departments to detect and fix problems after products had been
produced. It was not until the 1970s and 1980s that W. Edwards Deming and J.M. Juran
convinced the U.S. industry to focus on improving the way people did their jobs [15]
[16]. In the succeeding years, this focus on working processes has been responsible for
major improvements in the quality of automobiles, electronics, or almost any other kind
of product. The traditional test-and-fix strategy is now recognized as expensive, time-
consuming, and ineffective for engineering and manufacturing work.

Watts Humphrey said that even though most industrial organizations have now
adopted modern quality principles, the software community has continued to rely on
testing as the principal quality management method [17]. For software, the first major
step was taken by Michael Fagan when in 1976 he introduced software inspections [18]
[19]. By using inspections, organizations have substantially improved software quality.
Another significant step in software quality improvement was taken with the initial
introduction of the Capability Maturity Model (CMM) for software in 1987 [20] [21].
The CMM’s principal focus was on the management system and the support and
assistance provided to the development engineers. The CMM has had a substantial
positive effect on the performance of software organizations [22]. Later in time, the
Capability Maturity Model Integration (CMMI) project was formed to sort out the
problem of using multiple models for software development processes, thus the CMMI
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model has superseded the CMM model, though the CMM model continues to be a
general theoretical process capability model used in the public domain.

A further significant step in software quality improvement was taken with the
Personal Software Process (PSP) [3]. The PSP extends the improvement process to the
people who actually do the work—the practicing engineers. The PSP concentrates on
the work practices of the individual engineers. The principle behind the PSP is that to
produce quality software systems, every engineer who works on the system must do
quality work.

The PSP is designed to help software professionals to consistently use sound
engineering practices. It shows them how to plan and track their work, use a defined and
measured process, establish measurable goals, and track performance against these
goals. The PSP shows engineers how to manage quality from the beginning of the job,
how to analyze the results of each job, and how to use the results to improve the process
for the next project.

Following the PSP, a further important step in software process improvement
was the introduction of the Team Software Process (TSP) [23]. The TSP provides a
disciplined context for engineering work. The principal motivator for the development
of the TSP was the conviction that engineering teams can do extraordinary work, but
only if they are properly formed, suitably trained, staffed with skilled members, and
effectively led. The objective of the TSP is to build and guide such teams.

The following section presents the Personal Software Process created by the
Software Engineering Institute (SEI), as this process is the one that is used in the frame
of this thesis. For completeness, other models and processes created by the SEI are
presented, as the CMMI and the TSP in Appendix 1. All these models and processes
that seek to improve the quality of software development, have been successfully used
in the industry.

Before starting to discuss the model it is appropriate to give a definition of
software quality. The IEEE definition is provided below:

Quality — IEEE 610.12 [24]
1) The degree to which a system, component, or process meets specified
requirements.
2) The degree to which a system, component, or process meets customer or user
needs or expectations.

The following category models are applicable to software quality and its
improvement: quality models, maturity models for process improvements, process
models and models of quality management not specific for software.

As it was mentioned in the previous paragraphs, the SEI created maturity models
for process improvements as CMM and CMMI and they also created process models as
PSP and TSP.

The Capability Maturity Model Integration (CMMI) provides the overall
improvement framework needed for effective engineering work. The Personal Software
Process (PSP) provides the engineering disciplines that engineers need for consistently
using a defined, planned, and measured process. The TSP couples the principles of
integrated product teams with the PSP and CMM methods to produce effective teams.
In essence, the CMM and PSP provide the context and skills for effective engineering
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while the TSP guides engineers in actually doing the work. Thus, the TSP capitalizes on
the preparation provided by the PSP and CMM, while also providing explicit guidance
on how to do the work. This is clearer in Figure 3.
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Figure 3: Process Improvement Methods

2. The Personal Software Process

This section presents the main characteristics of the Personal Software Process
(PSP). The PSP was created by Watts Humphrey, at the SEI. This description of the
PSP is based on the SEI technical report The Personal Software Process [17]. A
complete presentation can be found at [3].

The PSP is a defined and measured software process designed to be used by an
individual software engineer. Its intended use is to guide the planning and development
of software modules or small programs, but it is adaptable to other personal tasks.

Like the SEI Capability Maturity Model for Software, the PSP is based on
process improvement principles. While the CMMI is focused on improving
organizational capability, the focus of the PSP lies on the individual engineer. To foster
improvement at the personal level, PSP extends process management and control to the
software engineer. With PSP, engineers develop software using a disciplined, structured
approach.

2.1.  The Principles of the PSP

These principles are extracted from [17].
“The PSP design is based on the following planning and quality principles:

e Every engineer is different; to be most effective, engineers must plan
their work and they must base their plans on their own personal data.

13
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e To consistently improve their performance, engineers must personally
use well-defined and measured processes.

e To produce quality products, engineers must feel personally responsible
for the quality of their products. Superior products are not produced by
mistake; engineers must strive to do quality work.

e [t costs less to find and fix defects earlier in a process than later.
e [t is more efficient to prevent defects than to find and fix them.

e The right way is always the fastest and cheapest way to do a job.”
2.2.  The PSP Process Structure

The structure of the PSP process is shown conceptually in Figure 4. The process
starts with the requirements and several phases are executed, being planning the first
one. PSP provides scripts (instructions) that guide the work. They record their time and
defect data on the time and defect logs. During the postmortem phase, they summarize
the time and defect data from the logs, measure the program size, and enter these data in
the plan summary form.

Requirements

l

Planning —

Design “ e
r v
Design Review
~ g Logs
: uide Code
A - w B/ _Besults
Code Review | "‘:,
A A 4 v
. Compile : Project
: Record time Summary
Unit Test

and defects

Postmortem

|

Finished product
Figure 4: The PSP phases, scripts, logs and project summary

The planning phase has requirements as input. In this phase, the developer
completes a conceptual design, the product size estimation, the resources estimation and
development schedule. After the product is developed, the real size of the product and
the consumed time are stored in the historical database. These are useful to estimate the
product size and resources for future tasks. The planning process is shown in Figure 5.
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The conceptual design is produced during planning based on the requirements.
That is a first approach to problem solution. Then, in the design phase, the engineer
examines design alternatives and produces a complete product design. This is useful to
make the necessary estimations to create the schedule.

In the PSP the estimation of the size of the software product to be produced and
the estimation of the resources needed to complete the software project are done using
the PROxy Based Estimating method (PROBE). First are defined the necessary objects
to build the product described in the conceptual design. Then, based on the historical
data of similar objects and using linear regression, the final size of the product is
estimated. With this estimation, the historical data of productivity and linear regression
and the time needed for each process phase is calculated. When the engineer finishes
this process, he has an estimation of the total product size, total development time and
time required for each phase.
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Figure 5: Project Plme‘ng Process

The development schedule is created from the time estimations for each phase. It
is also necessary to know how much time the developer can devote to the project per
day or week.

2.3. PSP Basic Measures

There are three basic measures in the PSP: development time, defects, and size.
All other PSP measures are derived from these three basic measures.

2.3.1. Development Time Measurement

Minutes are the unit of measure for development time. Engineers track the
number of minutes they spend on each PSP phase, except the time spent on any
interruptions such as phone calls, coffee breaks, etc. Some call this “direct time”. In
TSP it is converted to hours and called “task-hour”. A form called “Time Recording
Log” is used to record development time.

The advantages of this approach to measuring development time are:

15



Chapter 2. Background on Software Quality and Planning using the PSP

e Using minutes is precise and simplifies calculations involving
development time.

e Recording interruptions to work reduces the number of time log entries,
provides a more accurate measure of the actual time spent, and a more
accurate basis for estimating actual development time.

e Tracking interruption time separately can help engineers to deal
objectively with issues that affect time management, such as a noisy
work environment or inappropriate mix of responsibilities (e.g., software
development and help desk support).

e Time log entries take substantially less than a minute to record, but
provide a wealth of detailed historical data for planning, tracking, and
process improvement.

2.3.2. Defect Measurement

The principal quality focus of the PSP is on defects. A defect is defined as any
change that must be made to the design or code in order to get the program to compile
or test correctly.

To manage defects, engineers need data on the defects they inject, the phases in
which they injected them, the phases in which they found and fixed them, and how long
it took to fix them. With the PSP, engineers record data on every defect found in every
phase, including reviews, inspections, compiling, and testing. Defects are recorded on
the Defect Recording Log as they are found and fixed.

2.3.3. Size Measurement

The primary purpose of size measurement in the PSP is to provide a basis for
estimating development time. Lines of code are used for this purpose because they meet
the following criteria: they can be automatically counted, precisely defined, and are well
correlated with development effort based on the PSP research [3]. Size is also used to
normalize other data, such as productivity (LOC per hour) and defect density (defects
per KLOC).

PSP uses a LOC accounting scheme:

e Base LOC are any LOC from an existing program that will serve as the
starting point for the program being developed.

e Deleted and modified LOC are those base LOCs that are being deleted
or modified in the already existing programs or modules.

e Added LOC is the sum of all newly developed object, function, or
procedure LOC, plus additions to the base LOC.

e Reused LOCs are the LOC taken from the engineer’s reuse library and
used without modification. If these LOC are modified, then they are
considered to be base LOC.

e Added and Modified LOC is the sum of added LOC and modified
LOC. Added and Modified LOC, not total LOC, is the most commonly
used size measure in the PSP.

e Total LOC is the total program size.
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e Total new reused LOC are those added LOC that were written to be
reused in the future.

2.4. PSP Quality Process and Product Measures

With size, time, and defect data, there are many ways to measure, evaluate, and
manage the quality of a program. The PSP provides a set of quality measures that helps
engineers examine the quality of their process and programs from several perspectives.
While no single measure can adequately indicate the overall quality of a process or a
program, the aggregate picture provided by the full set of PSP measures is a generally
reliable quality indicator.

The principal PSP quality measures are:
e Defect density
e Review rate
e Development time ratios
e Defect ratios
e Yield
e Defect removal leverage
e Appraisal to failure ratio (A/FR)

Only the Defect Density and Yield are described in the following paragraphs, as
these are the ones that are used in this thesis work. A complete description of the PSP
quality measures is presented in Appendix 1.

Defect Density. Defect density refers to the defects per Added and Modified
KLOC found in a program. Thus, if a 150 LOC program had 18 defects, the defect
density would be 1000*18/150 = 120 defects/KLOC. Defect density is measured for the
entire development process and for specific process phases. Since testing only removes
a fraction of the defects in a product, when there are more defects that enter a test phase,
there will be more remaining after the test phase is completed. Therefore, the number of
defects found in a test phase is a good indicator of the number that remains in the
product after that test phase is completed.

Yield. In the PSP, yield is measured in two ways. Phase yield measures the
percentage of the total defects that are found and removed in a phase. For example, if a
program entered unit test with 20 defects and unit testing found 9, the unit test phase
yield would be 45%. Similarly, if a program entered code review with 50 defects and
the review found 28, the code review phase yield would be 56%. Process yield refers to
the percentage of defects removed before the first compile and unit test. Since the PSP
objective is to produce high quality programs, practiced reviewers can find 70% or more
of the defects before compiling or testing.

2.5. The PROxy Based Estimating Method

With PROBE, engineers use the relative size of a proxy to make their initial
estimate, and then use historical data to convert the relative size of the proxy to LOC.
Example proxies for estimating program size are objects, functions, and procedures. For
object-oriented languages, the relative size of objects and their methods is used as a
proxy. For procedural languages, the relative size of functions or procedures is used as a
proxy. Any proxy for size may be used so long as the proxy is correlated with effort, it
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can be estimated during planning, and it can be counted in the product. Other examples
include screens or screen objects, scripts, reports, and document pages.

The PROBE method requires some preliminary design that requires associating
functionality with physical components. This is a design activity requiring detailed
understanding of the requirements. It is quite plausible that this activity will reduce the
defects injected in later design and code.

Using PROBE, the size estimate is made by first identifying all of the objects
that must be developed. Then the type and relative size of the object are determined.
The type refers to the general category of component—e.g., computational,
input/output, control logic, etc. The five relative size ranges in the PSP are: very small,
small, medium, large, and very large. The relative size is then converted to LOC using a
size range table based on historical size data for the proxy. The estimated size of the
newly developed code is the sum of all new objects, plus any modifications or additions
to the existing base code. Predicted program size and effort are estimated using the
statistical method linear regression. Linear regression makes use of the historical
relationship between prior estimates of size and actual size and effort to generate
predicted values for program size and effort. Finally, a prediction interval is calculated
that gives the range around the estimate, based on the variance found in the historical
data. The prediction interval can be used to assess the quality of the estimate.

The process explained above about how to get the estimation using PROBE is
represented in Figure 6.
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Figure 6: The PROBE estimating method

The PROBE method is not just one technique. In fact, it is a package of different
methods:
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e PROBE A - regression with estimated proxy size
e PROBE B - regression with plan added and modified size
e PROBE C - the averaging method
e PROBE D - engineering judgment
The method selection procedure depends on the quality of the data:

e The method D must be used when there is no historical data. It should
only be used when it is not possible to use methods A, B, or C.

e The method C uses a ratio to adjust size or time based on historical
averages. The averaging method is easy to use and requires only one data
point.

e The method B applies a regression by using the relationship between
plan added and modified size and the actual added and modified size, and
also the actual development time. The criteria for using this method are
three or more data points that correlate and have reasonable regression
parameters.

e The method A applies a regression by using the relationship between
estimated proxy size (E) and actual added and modified size, and also the
actual development time.

The criteria for using this method are also three or more data points that
correlate and reasonable regression parameters. More details about the regression
parameters for each PROBE method are explained in [3].

3. The PSP Courses

The PSP is taught through a course. During the course, the engineers build
programs while they are progressively learning PSP planning, development, and process
assessment practices. For the first exercise, the engineer starts with a simple, defined
process (the baseline process, called PSP 0); as the class progresses, new process phases
and elements are added, from Estimation and Planning to Code Reviews, to Design, and
Design Review. As these elements are added, the process changes. The name of each
process and which elements are added in each one are presented in the following
subsection. The PSP 2.1 is the complete PSP process. Then, the different PSP courses
version that the SEI offers are presented.

3.1. The PSP Process Levels

The six process levels used to introduce the PSP are shown in Figure 7 [3]. Each
level builds on the prior level by adding a few process phases to it. This minimizes the
impact of process change on the engineer, who only needs to adapt the new techniques
into an existing baseline of practices.
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Design templates
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Figure 7: The PSP Process Levels

3.1.1. The Baseline Personal Process - PSP0 and PSP0.1

The baseline personal process (PSP0 and PSP0.1) provides an introduction to the
PSP and establishes an initial base of historical size, time, and defect data. Engineers are
allowed to use their current methods, but they do so within the framework of the six
phases in the baseline process shown in Table 1.

Phase Description

Plan Plan the work and document the plan

Design Design the program

Code Implement the design

Compile Compile the program and fix and log all defects found
Test Test the program and fix and log all defects found
Postmortem | Record actual time, defect, and size data on the plan

Table 1: Phases in the Baseline PSP

PSPO introduces basic process for measurement and planning. Development
time, defects, and program size are measured and recorded on provided forms. A simple
plan summary form is used to document planned and actual results. A form for
recording process improvement proposals (PIPs) is also introduced (PSPO0.1). The PIP
form provides engineers with a convenient way to record process problems and
proposed solutions.

3.1.2. Personal Project Management - PSP1 and PSP1.1

PSP1 and PSP1.1 focus on personal project management techniques, introducing
size and effort estimating, schedule planning, and schedule tracking methods. Size and
effort estimates are made using the PROBE method.
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PSP uses the earned value method for schedule planning and tracking. The
earned value method is a standard management technique that assigns a planned value
to each task in a project. A task’s planned value is based on the percentage of the total
planned project effort that the task will take. As tasks are completed, the task’s planned
value becomes earned value for the project. The project’s earned value then becomes an
indicator of the percentage of completed work. When tracked week by week, the
project’s earned value can be compared to its planned value to determine status, to
estimate rate of progress, and to project the completion date for the project.

3.1.3. Personal Quality Management - PSP2 and PSP2.1

PSP2 and PSP2.1 add quality management methods to the PSP: personal design
and code reviews, a design notation, design templates, design verification techniques,
and measures for managing process and product quality.

The goal of quality management in the PSP is to find and remove all defects
before the first compile. The measure associated with this goal is yield. Yield is defined
as the percentage of defects injected before compile that were removed before compile.
A yield of 100% occurs when all the defects injected before compile are removed before
compile.

Two new process phases, design review and code review, are included at PSP2
to help engineers achieve 100% yield. These are personal reviews conducted by an
engineer on his/her own design or code. They are structured, data-driven review
processes that are guided by personal review checklists derived from the engineer’s
historical defect data.

Starting with PSP2, engineers also begin using the historical data to plan for
quality and control quality during development. Their goal is to remove all the defects
they inject before the first compile. During planning, they estimate the number of
defects that they will inject and remove in each phase. Then they use the historical
correlation between review rates and yield to plan effective and efficient reviews.
During development, they control quality by monitoring the actual defects injected and
removed versus planned, and by comparing actual review rates to established limits
(e.g., less than 200 lines of code reviewed per hour). With sufficient data and practice,
engineers are capable of eliminating 60% to 70% of the defects they inject before their
first compile.

Reviews are quite effective in eliminating most of the defects found in compile,
and many of the defects found in test. But to substantially reduce test defects, better
quality designs are needed. PSP2.1 addresses this need by adding a design notation, four
design templates, and design verification methods to the PSP. The intent is not to
introduce a new design method, but to ensure that the designer examines and documents
the design from different perspectives. This improves the design process and makes
design verification and review more effective. The design templates in the PSP provide
four perspectives on the design: an operational specification, a functional specification,
a state specification, and a logic specification.

3.2.  Courses structures and assignments

Since the beginnings up to now, the course has changed twice. The first version
of the course is called PSP I/II original. Second version is called PSP I/Il revised. And
finally, the third version is called PSP Fundamentals and Advanced
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The first version of the PSP course involved preparing an engineer to apply the
PSP in practice. The course followed a staged learning strategy described in the
textbook A Discipline for Software Engineering [3]. The text was designed to be used in
graduate and senior-level undergraduate courses. Because the textbook was self-
contained, experienced engineers could use the textbook to help them learn the PSP on
their own, but most engineers needed the structure and support of a formal training
course to complete the training.

The first version of the PSP course incorporated what had been called a “self-
convincing” learning strategy, which used data from the engineer’s own performance to
improve learning and motivate use. The course introduced the PSP practices in phases
corresponding to six PSP process levels. Each level was built on the capabilities
developed and historical data gathered in the previous level. Engineers learnt to use the
PSP by writing ten programs, one or two at each of the seven levels, and by preparing
five written reports. Engineers could use any design method or programming language
in which they were fluent. The programs were typically around one hundred lines of
code (LOC) and required a few hours on average to be completed. While writing the
programs, engineers gathered process data that were summarized and analyzed during a
postmortem phase. With such a short feedback loop, engineers could quickly see the
effect of PSP on their own performance. They convinced themselves that the PSP could
help them to improve their performance; therefore, they were motivated to begin using
the PSP after the course. Table 2 shows the course structure for the PSP I/II Original
course. This is extracted from the book “A Discipline for Software Engineering”, by
Watts Humphrey [3].

Program | PSP Level Description

1A PSPO Calculate the mean and the standard deviation of N real numbers
stored in a linked list

2A PSPO.1 Count the LOC in a program source file

3A PSPO.1 Enhance program 2A to count object LOC or function/procedure
LOC

4A PSP1 Calculate the linear regression parameters for N pairs of real
numbers stored in a linked list

5A PSP1.1 Numerical integration using Simpson’s rule

6A PSP1.1 Enhance program 4A to calculate a 90% and 70% prediction
interval

TA PSP2 Calculate the correlation of N pairs of real numbers stored in a
linked list

8A PSP2.1 Sort a linked list

9A PSP2.1 Chi-square test for normality

10A PSP3 Calculate the multiple linear regression parameters for N sets of
four real numbers stored in a linked list

Table 2: PSP I/l Original course structure

An important change in the revised PSP I/II course is the reduction from ten to
eight programming assignments. The completion rate for the course had been identified
as a problem and the take home assignments had been identified as a root cause. This
version of PSP has no programming assignments on the last day of each week. In
principle, this enables students to complete the programming assignments in class rather
than as take home work. The reduction in assignments was achieved by modifying
several assignments and combining the counting exercises. One programming
assignment was removed from PSP process levels 0.1 and 1.1. The result is a more
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rapid process introduction sequence. The following table summarizes the 8
programming assignments for this version of PSP I/II and identifies relationships with
the previous programming assignments. Table 3 shows the PSP I/II Revised course
structure.

Program | PSP Level Description
1 PSPO mean and standard deviation (same as 1A)
2 PSPO.1 size counting for a program and its constituent parts (same as 3A)
3 PSP1 linear regression parameters and estimation (4A plus first step of 6A)
4 PSP1.1 relative size table (new)
5 PSP2 Simpson’s rule integration with t distribution (similar to 5A)
6 PSP2.1 Integrate to find x value for a given area (second step of 6A)
7 PSP2.1 Correlation, significance and prediction interval (rest of 6A and 7A)
8 PSP2.1 Multiple regression (same as 10A)

Table 3: PSP I/Il Revised course structure

Table 4 highlights the changes to the programming assignments from the
Original 10 assignment PSP I/II through the 8 assignment PSP I/II and the 7 assignment
PSP Fundamentals/Advanced. Programming assignment 8, the multiple regressions
was eliminated from PSP Advanced. The remaining program requirements were not
changed between the 8 assignment course, and Fundamentals/Advanced but the process
sequence used to develop the assignments was changed. In the first four exercises, the
students are now required to use PSPO through PSP2 in order to prepare them to
conduct reviews and inspections on TSP teams. In the last three exercises, the students
are required to use PSP2.1 for all programming assignments.
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Prog. PSP I/II original PSP I/II revised PSP Fundamentals
PSP Assignment PSP Assignment PSP Assignment
Level Level Level

1 0 Std dev/mean 0 Std dev/mean 0 Std dev/mean

2 0.1 | Size Count 0.1 Size counter 1 Size counter
Program

3 0.1 Size count 1 Correlation/ 2 Correlation/
Program and significance significance
Parts

4 1 Linear 1.1 Relative size table 2 Relative size
regression table

5 1.1 Simpson’s rule 2 Simpson’s rule 2.1 Simpson’s rule

6 1.1 | Prediction 2.1 Search algorithm 2.1 Search
Interval algorithm

7 2 Correlation/ 2.1 Prediction 2.1 Prediction
significance interval interval

8 2.1 Sort List of 2.1 Multiple
Pairs regression

9 2.1 | Chisquare

10 2.1 | Multiple
regression

Table 4: Programming assignments of all three PSP courses

Figure 8 shows a line chart of the PSP level vs. Program assignment number, for
the three PSP courses. In this chart, we can see graphically how each PSP course
evolves and how the different PSP levels are introduced among the exercises.

Course

== Fundifcly
i — 1Ml Crigiral
21 Nl Revised

1,14

PSP level

019

Program

Figure 8: PSP level vs Program number for the three PSP courses
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It is interesting to see how differently engineers are introduced to the specific
techniques. For example, according to program number 3, a student of the PSP I/I1
Original course is still in PSP0.1, recollecting data to find out how his base process
behaves. On the other hand, a student of the PSP I/II revised course is on PSP1,
applying the PROBE method for size and time estimations. And a PSP Fund/Adv
student is not only applying the PROBE method for estimations, but also applying
design and code reviews. It is important to notice this because in our work we are going
to use the PSP levels and the program assignment numbers correspondence in order to
analyze the effects of the PSP-learning effects on the engineers’ performance, as well as
we will try to determine if the introduced techniques are the root cause of the
improvements of if they are only a consequence of gaining experience in the problem
domain.

In our thesis work, we use the data of the last two versions of the PSP courses:
the PSP I/II revised course and the PSP Fundamentals and Advance course.

25






Chapter 3

Background in Empirical Software
Engineering and Statistical Analysis
Methods

Carrying out a formal statistical analysis requires an understanding of concepts,
techniques and tools normally used in the Empirical Software Engineering (ESE).

The objective of this section is to present the basics of ESE, in order to be able
to apply all these concepts in our main work. This chapter is almost completely based
on the books “Experimentation in Software Engineering: An Introduction” [25], “Basics
of Software Engineering Experimentation” [26], “Software Metrics - A Rigorous and
Practical Approach” [27] and “Using Multivariate Statistics™ [14].

In the following sections an introduction to the empirical methods and controlled
experiments is presented. Also, the main concepts of statistical data analysis are
presented, including different statistical data analysis methods that have been used to
complete this work. Finally, an explanation of how the concepts are applied in our study
is presented.

1. Introduction to the Empirical Methods

The ESE uses methods and experimental techniques as tools for research. The
empirical evidence provides support for the evaluation and validation of attributes (e.g.
cost, efficiency, quality) in various types of software engineering elements (e.g.
products, processes, techniques). It is based on experimentation as a method to match
ideas or theories with reality. Such experimentation refers to the speculations shown
with facts, assumptions and beliefs about building software.

We can distinguish two different approaches to empirical research: the
qualitative and the quantitative approach. The qualitative approach is based on studying
the nature of the object and interpreting a phenomenon based on the concept that people
have of it. The data obtained from these investigations are mainly composed of text,
graphics and images, among others. The quantitative approach implies finding a
numerical relationship between two or more groups. It relies on quantifying a
relationship or comparing variables or alternatives under study. The data obtained in
these studies are always numeric values, allowing comparisons and statistical analysis.

The controlled experiments are one of the strategies for empirical research. The
experiments are often performed in a laboratory environment, which allows having a
great degree of control. The aim of an experiment is to manipulate one or more
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variables and to control the rest. An experiment is a rigorous and controlled formal
technique used to carry out an investigation. More strategies for empirical research can
be found in Appendix 2.

2. Experimentation Concepts

Before software engineers can experiment, they must be acquainted with
experimental design terminology. The most commonly used terms in experimental
design are discussed below.

Unit of Analysis: The unit of analysis is the major entity that you are analyzing
in your study. For instance, any of the following could be a unit of analysis in a study:
individuals, groups, artifacts (books, photos, newspapers), geographical units (town,
census tract, state), social interactions (dyadic relations, divorces, arrests). It is called
unit of analysis because it is the analysis you do in your study that determines what the
unit is. For instance, if you are comparing the children in two classrooms on
achievement test scores, the unit is the individual child because you have a score for
each child. On the other hand, if you are comparing the two classes on classroom
climate, your unit of analysis is the group, in this case the classroom, because you only
have a classroom climate score for the class as a whole and not for each individual
student. For different analyses in the same study you may have different units of
analysis.

Unit of Generalization: “A factor in deciding the unit of analysis is the level of
generalization that the researcher seeks to make” [28]. Consider a researcher who
measures 10 students in 10 classes from 10 different class types, or 1000 students in all.
There are three possible levels of generalizations: the student, the classes, and the class
types. “One simple rule is to conduct the analysis at the level at which one wants to
make generalizations™ [28]. So if one wants to draw conclusions about students,
students should be the unit of analysis. “However, as will be seen, this simple rule
cannot always be followed. The conclusions drawn from an analysis conducted at a
group level may not apply at the individual level. Conversely, analyses at the individual
level may not apply to the group level. In principal, the analysis should be conducted at
the level at which generalizations should be made.” [28]

Unit of Measurement: Another consideration is the unit of measurement. Again
returning to the example of students, classes, and class types, some variables may be
measured on students (e.g., achievement), some on the classes (e.g., instructor's gender),
and some on the class type (e.g., evaluation method). “Just because one measures a
variable at a certain level does not imply that the variable operates at that level.
Consider the variable group size. Presumably this variable operates at the group level.
However, if a researcher changed the unit of measurement of the variable and asked
persons how big the group was, the variable will still likely operates at the group level,
not at the individual level. A related issue is that sometimes a researcher aggregates
across units (i.e., averages) and so changes the unit of measurement. For example, to
measure organizational climate, the mean of individual measures might be used. Just
because the mean is at the level of the organization, does not mean that it, in fact,
operates at that level.” [28]

Experimental unit: The objects on which the experiment is run are called
experimental units or experimental objects. For example, patients are experimental units
in medical experiments, as it is each piece of land in agricultural experiments. SE
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experiments involve subjecting project development or a particular part of the above
development process to certain conditions and then collecting specific data set for
analysis.

Experimental subjects: The person who applies the methods or techniques to
the experimental units is called experimental subject. Unlike other disciplines, the
experimental subject has a very important effect on the results of the experiments in SE
and, therefore, this variable has to be carefully considered during experiment design.

Response variable: The outcome of an experiment is referred to as a response
variable. This outcome must be quantitative. The response variable of an experiment in
SE is the project, phase, product or resource characteristic that is measured to test the
effects of the provoked variations from one experiment to another. Each response
variable value gathered in an experiment is termed observation, and the analysis of all
the observations will decide whether or not the hypothesis to be tested can be validated.
The response variable is sometimes called dependent variable.

Parameters: Any characteristic (qualitative or quantitative) of the software
project that appears invariable throughout the experimentation will be called parameter.
These are, therefore, characteristics that do not influence or that we do not want to
influence the result of the experiment or, alternatively, the response variable.

Factors: Each software development characteristic to be studied that affects the
response variable is called a factor. Each factor has several possible alternatives.
Experimentation aims to examine the influence of these alternatives on the value of the
response variable. Therefore, the factors of an experiment are any project characteristics
that are intentionally varied during experimentation and that affect the result of the
experiment. Another term used for the factors is independent variables.

Alternatives or levels: The possible values of the factors during each
elementary experiment are called levels. This means that each level of a factor is an
alternative for that factor. The term treatment is often used for this concept of
alternatives of a factor in experimental design.

Undesired variations or blocking variables: Although the aim to set the
characteristics of an experiment that are not intended to be examined at a constant
value, it is not always possible to do so. There are inevitable, albeit undesired variations
from one experiment to another. These variations can affect several elements of the
experiment: the subjects who run the experiment (not enough subjects with similar
characteristics can be found to apply the different techniques); the experimental unit (it
is not possible to get very similar projects on which to apply the different alternatives);
the time when the experiment is run (each alternative has to be applied at different
points in time), etc. In short, these variations can affect any conditions of the
experiment. These variations are known as blocking variables.

3. Validity Assessment

A fundamental question before moving on to run the experiment is how the
results would be validated. There are four categories of threats to validity: conclusion
validity, internal validity, construct validity and external validity.

The threats that affect the validity of the conclusions refer to statistical
conclusions. Threats that affect the ability to determine whether a relationship exists
between the alternative and the result, and if the conclusions reached in this regard are
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valid. Examples of these are the choice of statistical methods and the choice of sample
size, among others.

The threats that affect the internal validity are those related to observing
relationships between the alternative and the results that are product of chance and not
the result of applying a factor. This "accident" is caused by unknown elements that
influence the results without the knowledge researchers. That is, internal validity is
based on ensuring that the alternative in question produces the observed results.

Construct validity indicates how measurement relates to others in accordance
with the theory or hypotheses concerning the concepts being measured. An example can
be observed when selecting the subjects in an experiment. If the number of approved
courses in college was used as a measure of the subject's experience, one would not be
using a good measure of experience. In contrast, a good measure would be to use the
number of years of industry experience or a combination of both.

External validity is related to the ability to generalize the results. It is affected by
the experimental design. The three main risks that have external validity are having the
wrong participants as subjects, running the experiment in a wrong way, and making the
experiment in a time to affect the results.

4. Introduction to the Controlled Experiments

The process for conducting an experiment consists of several stages: definition,
planning, operation, analysis and interpretation, and presentation.

The first phase is the definition, which defines the experiment in terms of the
problem, objectives and goals. The next phase is planning, which determines the design
of the experiment. In phase operation the experimental design is performed, where data
are collected to be analyzed further at the stage of analysis and interpretation. In this last
phase, statistical concepts are applied to analyze the data. Finally, the results obtained
are presented in the presentation phase.

As in this thesis the focus lies on the analysis and interpretation phase, only the
necessary concepts and methods of that phase are going to be presented. More details
about the stages of the controlled experiments can be found in Appendix 2.

5. Scales

After data has been collected, we must start the analysis phase. An important
aspect to consider in the analysis of the data is the measurement scale. The
measurement scale of the data restricts the type of statistical calculations that can be
performed. A measure is a mapping of an attribute of an entity as a value, usually a
numeric value. Entities are objects that are observed in reality.

The purpose of mapping attributes to a value of measurement is to characterize
and manipulate the attributes formally. The measure selected should be valid, therefore,
must not violate any property necessary for the attribute that measures, and should be a
proper mathematical characterization of the attribute.

Mapping an attribute to a measurement value can take many forms. Each type of
mapping of an attribute may be known as scale. The most common types of scales are:
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Nominal level: It is the least powerful of the scales. It only maps the attribute of
the entity in a name or symbol. The mapping can be viewed as a classification of
entities according to the attribute. Examples of nominal scale are graded, labeled,
among others.

Ordinal scale: The entities are categorized as a sort. It is mightier than the
nominal level. Examples of sorting criteria are "greater than", "best" and "more
complex". Examples of ordinal scales are degrees nominal scale, complexity of
software, among others.

Interval scale: The interval scale is used when the difference between two
measurements is significant, but not the value itself. This type of scale orders the values
in the same way that the ordinal scale, but there is a notion of "relative distance"
between two entities. This scale is more powerful than the ordinal one. Examples of
interval scale are the temperature measured in Celsius or Fahrenheit.

Scale ratio (the ratio of two numbers): If there is a significant zero and the
division between two measures is significant, you can use a ratio scale. Ratio scale
examples are distance and temperature measured in Kelvin.

After obtaining the necessary data we need to interpret them to draw valid
conclusions. The interpretation is done in three stages: characterize the data set using
descriptive statistics, reduce the data set and conducting hypothesis tests.

6. Descriptive Statistics

Descriptive statistics are used prior to hypothesis testing, to understand better the
nature of the data and to identify abnormal or false data. The main points discussed are:
central tendency, dispersion and dependence. Below are the most common measures of
each of these aspects. To do this it is assumed that there are x1. . . xn samples.

The measures of central tendency indicate "the middle" of a dataset. Among the
most common are: the arithmetic mean, median and mode.

The arithmetic mean is known as the average and it is calculated by adding all
samples and dividing the total by the number of samples:

The mean, denoted ¥, sums up the characteristics value of a variable taking into
account all cases. It is significant for interval and ratio scales.

The median represents the average value of a data set, so that the number of
samples that are greater than the median is the same as the number of samples that are
less than the median. It is calculated by ordering the samples in ascending or descending
order and selecting the observation of the environment. This calculation is well defined
if n is odd. If n is even, the median is defined as the arithmetic mean of the two values.
This measure is meaningful for ordinal scales, interval and ratio.

The mode is the most common sign. It is calculated by counting the number of
samples for each unique value and selecting the value with more quantity. The trend is
well defined if there is only one common value. If this is not the case, it is calculated as
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the median of the most common samples. The trend is significant for nominal scales,
ordinal, interval and ratio.

The arithmetic mean and median are equal if the sample distribution is
symmetric. If the distribution is symmetrical and has a single maximum value, the three
measures are equal.

The central tendency measures do not provide information on the dispersion of
the data set. The greater the dispersion, more variables are the samples, the smaller the
dispersion, more homogeneous are the samples.

Dispersion measures the level of deviation of the central tendency, or how
scattered or concentrated the data are from the central value. Among the main measures
of dispersion are: variance, standard deviation, range and coefficient of variation.

The variance (s2), which is the distribution from its mean, is calculated as the
average of the deviations of the samples with respect to the arithmetic mean. Since the
sum of the deviations is always zero, we use the squared deviations:

1 3
. s
5 = —— Xi—X

I 2D

Divided by n — 1, not n, because dividing by n — 1 provides the variance of
desirable properties. The variance is significant for interval and ratio scales. The
standard deviation, denoted 5 is defined as the square root of the variance:
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Often this measure is preferred over variance because it has the same dimensions
(unit) that the values of the samples. In contrast, the variance is measured in units
squared. The standard deviation is significant for interval and ratio scales.

The range of a data set is the distance between the maximum and minimum:
range = xX,..— X,
It is a meaningful measure for interval and ratio scales. When the data set

consists of samples related in pairs (%:5¥:) of two variables, X and Y, it may be
interesting to examine the dependence between these variables. The main measures of
dependence are: linear regression, covariance and the linear correlation coefficient.

6.1. Reduced Data Set

For hypothesis testing we must use statistical methods. The result of applying
these methods depends on the quality of the data. If the data do not represent what is
believed, the conclusions drawn from the results of the methods will be incorrect.

Descriptive statistics are strongly influenced by those observations which its
values are significantly far from the rest of the values collected. These observations are
named outliers.

The outliers influence the measures of dispersion, increasing the variability of
what is being measured. In some cases, an analysis on these values that differ
significantly from the mean is done and it can be decide to remove them from the data
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to be analyzed because they are not representative of the population as they were caused
by some kind of problem: measurement error, non desired changes of the characteristics
of the subjects, among others. This would be a special or assignable cause. Typically a
data point that is more than 3 standard deviations away from the mean, can be
considered as suspect.

Once an outlier is identified, its origin should be determined in order to decide
what to do with it. If it is consequence of a rare or unusual event that will not happen
again, the point can be excluded. If it consequence of a rare event that can happen again,
it is not advisable to exclude the value of analysis, because it has relevant information.
If it is consequence of a variable that was not considered, it should be considered for
base calculations and models also in this variable.

Other methods to reduce the data set are also included in this work. Such
methods are based on the Data Quality theory, and are presented in the next chapter.

7. Hypothesis Tests

A statistical hypothesis is an assumption about a population parameter. This
assumption may or may not be true. Hypothesis testing refers to the formal procedures
used by statisticians to accept or reject statistical hypotheses.

The best way to determine whether a statistical hypothesis is true would be to
examine the entire population. Since it is often impractical, researchers typically
examine a random sample from the population. If sample data are not consistent with
the statistical hypothesis, the hypothesis is rejected.

There are two types of statistical hypotheses:

e Null hypothesis. The null hypothesis, denoted by Ho, is usually the
hypothesis that sample observations result purely from chance.

e Alternative hypothesis. The alternative hypothesis, denoted by Hi, is
the hypothesis that sample observations are influenced by some non-
random cause.

The aim of the hypothesis test is to determine whether it is possible to reject the
null hypothesis HO. If the null hypothesis is not rejected, nothing can be said about the
results. In contrast, if rejected, it can be declared that the hypothesis is false with a given
significance (a). This significance level is also called probability of error, because there
is a risk of rejecting the hypothesis when in fact is true. This level is controlled by the
experimenter.

To test HO, a test unit t and a critic area C must be defined, which is part of the
area where t varies. From these definitions, the significance test formula is as follows:

If t € C, reject HO
If t € C, not reject HO

There are several statistical methods, denoted tests that can be used to evaluate
the results of an experiment, more specifically to determine whether to reject the null
hypothesis. When carrying out a test it is feasible to calculate the lowest possible value
of significance (denoted p-value) which determines when is possible to reject the null
hypothesis. Null hypothesis is rejected if the p-value associated with the observed result
is less than or equal to the significance level set.
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The following are three important chances to test hypotheses:

o = P (commit error type I) = P (reject HO | HO is true). It is the probability of
rejection HO when HO is true.

B =P (commit error type II) = P (not reject HO | HO is false). It is the probability
of acceptance HO when HO is false.

Statistical Power = 1 — = P (reject HO | HO is false). The statistical power of the
test is the probability of rejection HO when HO is false.

The experimenter must choose a test with a statistical power as high as possible.
High is desirable, but it often comes at a cost to alpha. Power >0.8 is typically chosen as
acceptable and it is a common convention.

Several factors affect the power of a test. First, the test itself may be more or less
effective. Second, the amount of samples: most samples equals more statistical power.
Another aspect is the selection of an alternative hypothesis unilateral or bilateral. A
unilateral hypothesis gives a greater power than a bilateral.

The probability of committing a type I error can be controlled and reduced. If the
probability is very small, the null hypothesis will only be rejected if we obtain very
strong evidence against this hypothesis. The maximum probability of committing a type
I error is known as the significance of the test (o).

The most commonly used values for the significance of a test are 0.01, 0.05 and
0.10. The significance is sometimes presented as a percentage, such as 1%, 5% or 10%.
This means that the experimenter is willing to allow a probability of 0.01, 0.05, or 0.10
to reject the null hypothesis when it is true, that is, committing a type I error. The
significance value is selected before starting to do the experiment in one of several
ways.

The o value can be established in the area of research, for example, it can be
obtained from articles published in scientific journals. It can also be imposed by the
person or company for which one works. Finally, it can be selected taking into account
the cost of committing a type I error. The higher the cost, the smaller probability of
committing a type I error should be the. The usual value in natural and social sciences is
0.05. In Software Engineering, the value of a is has not yet been established.

There are two types of tests: parametric and nonparametric. Parametric tests are
based on a model that involves a specific distribution. In most cases, it is assumed that
some of the parameters involved in a parametric test are normally distributed.
Parametric tests also require that the parameters can be measured at least in an interval
scale. If parameters cannot be measured in at least an interval scale, generally a
parametric test cannot be used. In this case there are a wide range of nonparametric tests
available. In this work nonparametric tests are not going to be used, therefore they will
be left out of the scope of this thesis.

8. Parametric tests

This section presents only the parametric tests that are used in this work.
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8.1.  Analysis of Variance

ANOVA (ANalysis Of VAriance) is one of the most used parametric tests in
Software Engineering experiments for comparing the means of groups of measurement
data.

In a one-way ANOVA there is one dependent variable (measurable variable) and
one nominal variable (factor). Multiple observations of the measurement variable are
made for each value of the nominal variable. The statistical null hypothesis states that
the means of the measurement variable are the same for the different categories of data;
the alternative hypothesis is that they are not all the same.

The basic idea is to calculate the mean of the observations within each group,
then compare the variance among these means to the average variance within each
group. Under the null hypothesis that the observations in the different groups all have
the same mean, the weighted among-group variance will be the same as the within-
group variance. As the means get further apart, the variance among the means increases.
The test statistic is thus the ratio of the variance among means divided by the average
variance within groups, or Fs. This statistic has a known distribution under the null
hypothesis, so the probability of obtaining the observed Fs under the null hypothesis can
be calculated.

A two-way ANOVA is used when there is one measurement variable and two
nominal variables. The nominal variables are found in all possible combinations.

Repeated measures ANOVA is referred to as within-subjects. In order to analyze
data, repeated measures ANOVA for two types of study design can be used. Studies that
investigate either:

e changes in mean scores over three or more time points, or
e (differences in mean scores under three or more different conditions.

For example, for (1), one might be investigating the effect of a 6-month exercise
training program on blood pressure and want to measure blood pressure at 3 separate
time points (pre-, midway and post-exercise intervention), which would allow the
person to develop a time-course for any exercise effect. For (2), one might get the same
subjects to eat different types of cake (chocolate, caramel and lemon) and rate each one
for taste, rather than having different people flavor each different cake. The important
point with these two study designs is that the same people are being measured more
than once on the same dependent variable.

In the broadest terms, all the ANOVA statistical models assume that:

e Subjects are representative of the population of interest and are randomly
selected

e Observations on these subjects are independent (from subject to subject)
e Dependent variables are normally distributed in the population

e The variance-covariance matrices of dependent variables are identical
8.2.  Analysis of Covariance

The goal of a correlation analysis is to see whether two measurement variables
covary, and to measure the strength of any relationship between the variables.
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The results of correlation are expressed as a P-value (for the hypothesis test) and
an r-value (correlation coefficient) or 12 value (coefficient of determination). The goal
of linear regression is to find the equation (slope and intercept) of the line that best fits
the points; this line is then used as a visual summary of the relationship between the
variables, or for estimating unknown values of one variable when given the value of the
other.

ANCOVA (ANalysis of COVAriance) is used when you have two measurement
variables and two nominal variables. One of the nominal variables groups is the
"hidden" nominal variable that groups the measurement observations into pairs, and the
other nominal variable divides the regressions into two or more sets.

The purpose of ANCOVA is to compare two or more linear regression lines. It is
a way of comparing the Y variable among groups while statistically controlling for
variation in Y caused by variation in the X variable.

Two null hypotheses are tested in an ANCOVA. The first is that the slopes of
the regression lines are all the same. If this hypothesis is not rejected, the second null
hypothesis is tested: that the Y-intercepts of the regression lines are all the same.

There are five assumptions that underlie the use of ANCOVA:
e The residuals (error terms) should be normally distributed.
e The error variances should be equal for different treatment classes.
e The slopes of the different regression lines should be equal.

e The regression relationship between the dependent variable and
concomitant variables must be linear.

e The error terms should be uncorrelated.

9. Application of Concepts

Although we do not went through all the process stages for conducting an
experiment, our study can be considered a controlled experiment. Both courses are
executed in a controlled environment, with the appropriate tools that allow engineers to
collect the process data. In our experiment, we have 169 engineers that executed the
PSP Fund/Adv course and 178 engineers that executed the PSP I/Il revised course. With
the recollected data, we are able to analyze these engineers during the PSP training with
respect to the four performance dimensions that we want to study: defect density in unit
testing, yield, production rate and size estimation accuracy.

Each dimension arises as a hypothesis in itself. As it is really important to ensure
that the statistical analyses are based on quality data, a data cleaning process was
defined and executed to obtain a data set with the necessary quality. Therefore, the data
set is reduced differently for each dimension that is going to be studied. This data
quality process is explained in Chapter 4.

To analyze the impact of the different introduced techniques on engineers’
performance and the effects of programming repetition, we will be looking for
relationships between PSP level, program assignment and course version. These
relationships allow us to define the hypotheses tests for each dimension to be studied.

In our study, the primary unit of experiment is the student (engineer). The
student is also a unit of analysis. Although we are looking for relationships with PSP
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level, program assignment and course version, these are units of generalization. Our
data is at the individual level. By aggregating data with means, however, we shift the
unit of analysis to PSP Level, program assignment or course version. We will conduct
analysis at the individual level, the PSP level, the program assignment and the course
version. That is four units of analysis, but we have a single unit of observation, the
individual student.

In Chapter 5 each hypothesis is presented, as well as are defined the related
dependent variables, factors, parameters, threats to validity as well as the hypotheses
tests to be executed. The parametric tests are applied according to a defined indirect
analysis approach that we propose. During the execution of this approach, null
hypothesis are being rejected or accepted in order to get to know if for the dependent
variable under study the main reason of the changes is the PSP level or the
programming repetition. Also when executing this approach, the effects sizes of the
changes are visible and discussed. This allows us to contribute to the observations of the
last two course formats, which do not have published studies.
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Chapter 4

Data Quality in the PSP

The quality of the information is a factor of great significance for any activity
based on such information. The quality of the information in every informatics system
is fundamental and becoming more and more important every day.

In the Empirical Software Engineering (ESE), conclusions about the
experiments can be drawn based on the great amount of the collected data. For our
work, it is necessary to analyze and measure the quality of the data recorded by students
that participate on the different PSP courses. The data collection is performed by the
students using a Microsoft Office Access tool implemented for such purpose: the PSP
Student Workbook.

PSP is a defined and measurable software process designed to meet the needs of
the software business through the improvement of the practices, techniques and
individual skills of the engineers, and by providing a quantitative base to manage the
development process. However, if this data has quality problems (data with errors or
suspicious of having errors), it would be essential to identify them and put them down
for further analysis. It is necessary assess the quality of the data and even clean the data
if necessary, so that the conclusions of experiment are based on acceptable quality data
rather than on poor quality data.

As part of the data quality analysis, errors are categorized either as real errors
related to the data, or as suspect data that may contain errors. The former implies that
there is certainty about the existence of an error regarding the data quality, and
therefore, correcting it would be the following step. The latter implies that it is not
possible to ensure the existence of an error. For both categories, it will be defined which
cases would cause the data not to be considered for the statistical analysis in question.

To carry out this study we applied knowledge regarding Data Quality and Data
Quality in Software Engineering. The background of the data quality theory, as well as
its importance and the basic concepts are introduced in the first section. Then, the data
quality impact on ESE is presented. The last section presents the methodology that was
applied to identify the data quality problems and to define the data quality metrics. The
results the data quality assessment of the available data for both courses are presented,
as well as the procedure that has been followed to perform the data cleaning and the
data set cut-offs in order to prepare the data for the following statistical analyses.

1. Background on Data Quality

Before any data analysis, it is important to know about the relevance of the data
quality. Therefore, it will be necessary to briefly mention what data quality is and the
main concepts framed in this field of study. This section is strongly based on [13] [29].
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The data represents objects from the real world. Such representations are
applicable to contexts of different and varied characteristics. The data can be either
stored or put under certain processes or transformations. Use of such data is always
essential to guarantee the survival and success of organizations.

The problem of the data quality has been subject of study from different
perspectives, and by different areas throughout the years, such is the case of Statistics,
Management, or Computer Science. While its importance becomes more evident to the
eyes of these and other areas, investigations and improvement intentions increase as
well.

It is unquestionable that the storage and/or processing of data is of vital
relevance in every person and organizations' lives, within a great range of activities
(beyond informatics and informatics systems). There are many examples from our daily
life that require storing, processing, transmitting and using data. One of them is when
we make the grocery list, because we store data regarding which products to buy, how
many of them, and which brands.

Regarding the concept of data quality, it usually happens that one intuitively
thinks about certain aspects of the data. Most frequently one tends to think that the data
is exact. However, it is necessary to delve deeper into this concept, so as to understand
that there are several sides or aspects (the so-called dimensions) that make to the quality
of the data. Along the document, some dimensions are explained (accuracy, uniqueness,
completeness and consistency). As a trivial example, the act of making a grocery list
can be considered:

e [Ifaproduct or the amount to be bought of a certain product is omitted, it
would be an example of completeness problem.

e If there is a mistake in the amount of a product, or if its brand is
misspelled, it would be an example of accuracy problem.

e [fthere are many lists containing the same products, it would be an
example of uniqueness problem.

Therefore, it can be said that the definition of data quality is strongly related to
accuracy, completeness, consistency and uniqueness of the data (among others). It is
because of this that the data quality is called a multifaceted concept, since it depends on
the dimensions that define it.

1.1. The Importance of Data Quality

It is in few occasions that there is awareness of the consequences that poor data
quality entails. Nevertheless, being able to identify its causes to either eliminate or
improve the root of the problem is of vital importance.

In the previous grocery list example, the poor data quality may entail unwanted
consequences (such as omitting buying a needed product, or buying the wrong amount
of it). In this example, none of these would be too serious. But it is not hard to imagine
other situations (lists regarding bulk products importation, duplicated client names,
payment mistakes, medical errors), where a non quality data could provoke serious
problems.

1.2. Data Quality Dimensions
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In the previous section, some example concepts such as accuracy, completeness
and consistency were introduced. All these characteristics (and much more) of the data,
are called dimensions of the data quality.

Each dimension reflects a different aspect of the data quality. It can refer to the
extension of the data (its value), or the intention (its schema). In this way we can
distinguish from data quality and schema quality. The focus of this study lies on the
quality inherent to the data.

A quality factor is defined as a particular aspect of a dimension. This means that
a dimension can be seen as a group of quality factors that share the same purpose.

It is clear that poor data quality can entail various problems, just as the poor
schema quality (for example a schema of a relational database without normalizing) can
cause bigger problems, such as redundancies. Both types of dimensions, the ones
referring to the data and the ones referring to the schema, provide a qualitative view of
the quality; while the quantitative measurements are represented by metrics.

A metric is an instrument that defines how to measure a quality factor. The same
quality factor can be measured with different metrics. On the other side, we define a
measuring method as a process that implements a metric. And at the same time, the
same metric can be measured with different methods.

Measurements in a relational database can be performed at various levels of
granularity: cell, tuple, table, or even at the level of the entire database. Thus
aggregation functions are defined, which move from one level of granularity of data to
another, getting a quality summary for that new level. For example, it is possible to
obtain a measure of quality of a tuple based in the quality measures of each of their
cells.

There are many dimensions that reflect the different aspects of the data quality.
This does not come as a surprise due to the fact that the data tries to represent every
characteristic about the reality, from spatial and temporal, to social ones. The following
contains description of some dimensions of the data quality in which our study will
focus on.

1.2.1. Accuracy and Uniqueness

Accuracy can be defined as the closeness between a value v from the real world
and its representation v. According to the theoretical approach, accuracy is defined as
the correct and precise association between the information system states and the real
world objects.

There are three accuracy factors: semantic accuracy, syntactic accuracy and
precision accuracy.

The syntactic accuracy refers to the closeness between a value v and the
elements of a domain D. This is, if v corresponds to any valid value from D (regardless
if such value corresponds with one from the real world). In order to be able to measure
the syntactic accuracy, the function comparison can be used. This is the metric that
measures the distance between a value and the values of a domain D. Other possible
alternatives imply using dictionaries that accurately represent the domain, or checking
data against syntactic rules.

The semantic accuracy refers to the closeness between a value v and a real value
v. This dimension is mainly measured by the boolean values (indicating if it is a correct
value or not). For this, it is necessary to know which real values need to be considered.
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In this case, it becomes relevant to measure how well the real world states are
represented. One of the used metrics is the comparison of the data with references
considered as valid.

The precision, on the other hand, refers to the level of detail of the data.

In order to clarify the concepts, a simple example is presented. Take a database
that stores the name and age of certain people. For the information related to the Age of
the people, it is specified that its value must be between 0 and 120. It is also known that
there is a person called Oscar Javier Morales, who is 23 years old. The following cases
are considered:

e [fthere was a record for a person where the age field had a 234 value,
then it there would be a syntactic error (out of the range 0 to 120)

e If there was a record for Oscar where the age field was 19, then it would
be a semantic error, because it is known that Oscar is not 19 but 23 (in
this case there is no syntactic error because 19 is a valid value for age)

e [f'there was interest in knowing the age of Oscar in days (or month),
there would be a precision problem because that information is given in
years only, not months or days.

Despite the fact that semantic accuracy is usually more complex to measure than
the syntactic one (because it implies knowing the real world values), when a typing
error occurs, both types of accuracies coincide. When a value is altered, the syntactic
accuracy will be achieved, because the correct written value will correspond with one
from the domain. Semantic accuracy will also be achieved, because there will be a real
value associated with the correct written value.

One way of checking the semantic accuracy is comparing different data sources,
and from that, finding the desired correct value. This also depends on the resolution of
the identification of objects problem, which consists on identifying if two tuples
represent the same object from the real world.

Considering accuracy among a group of values, it would be necessary to
consider duplication as well. Such problematic occurs when an object from the real
world appears more than one time (more than one tuple represents exactly the same
object).

However, tuples that represent the same object from the real world but with a
different key could also exist. This aspect is considered by the Uniqueness dimension. It
is important to highlight that different situations may lead to data duplication:

e  When the same entity is identified in different ways

e  When errors occur in the primary key of an entity

e When the same entity is repeated with different keys
There are two factors of the Uniqueness dimension to point out:

e Duplication: the same entity appears equally repeated

e Contradiction: the same entity appears repeated with contradictions

1.2.2. Completeness

42



Chapter 4. Data Quality in the PSP

Completeness can be defined as the measure to which the data is of sufficient
scope and depth. According to the theoretical approach, this dimension is defined as the
capacity of the informatics system to represent every significant state of a given reality.

There are two factors related to completeness: coverage and density.

Coverage refers to the part of the reality data that are contained in the
informatics system. Just as for semantic accuracy, coverage involves a comparison of
the informatics system with the real world. Once again, a reference is required. As it is
usually hard to obtain, the alternative lies on estimating the size of such reference.

Density refers to the amount of information contained, and the lack of
information about the informatics system entities.

Given a relational model, completeness can be characterized by null values,
which could mean different things. A null value might indicate that such value does not
exist in the real world, or that it does exist but it is unknown, or that there is no certainty
about its existence in the real world. It is important to know the cause of its appearance.

For instance, if it was required to record all data about the Earth inhabitants
(name, age, gender) within a database, each non-registered person would reduce the
completeness of the data (this would be completeness at the relational level). Moreover,
completeness would also be reduced if the age or gender of certain people were
unknown.

1.2.3. Consistency

This dimension refers to the compliance with the semantic rules defined over the
data. According to the theoretical approach, the inconsistency of data appears when
there is more than one informatics system state associated with the same object from
reality. Incorporating external data as well as data with different formats could lead to
inconsistency.

A simple example: if there are data about certain people stored in a table - such
as information about date of birth and age-, and there is a record that shows 2005.01.01
as the date of birth, and 42 as the age, there is an inconsistency (it would be a violation
of the intra-relational rule, as it is explained below).

e Integrity constraints define properties that must be met by all the stages
of the relational schema. There are three types of integrity constraints:

e Domain constraints: it refers to the compliance with the rules about the
content of the relation attributes.

e Intra-relational constraints: it refers to the compliance with the rules
about one or more than one relation attributes.

e Inter-relational constraints: it refers to the compliance with the rules
about different relations attributes.
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1.3. Data Cleaning

The activities related to data quality refer to any process (or transformation)
applied to the data, with the purpose of improving its quality. In order to carry out such
activities, different techniques are used.

Data cleaning is fundamental to achieve the improvement of data quality. It is
because of this that it is very useful to address this topic, in order to know and
understand the problems that must be faced.

Data cleaning tries to solve the problem related to detection and correction of
errors and inconsistencies within the data, with the purpose of improving its quality.
These activities are more important in databases in which information has been entered
in a way that creates room for errors. For instance, when the information is entered by
people using a keyboard, or when it is obtained from non-reliable sources, or when
different information sources are integrated. The latter also implies consolidating the
data that has the same meaning (but different representation), as well as discarding
duplicated data. Data warehouses and informatics systems based on the web are an
example of that.

There are different tools that provide support to data cleaning. Nevertheless, it is
important to bear in mind that besides the use of certain tools, this task also implies
tough manual work or a low level programming work for its resolution.

Error Detection, Correction and Prevention

Finding (or detecting) and correcting errors is done for data that it is rarely
created or updated. However, when dealing with data that is frequently updated and
created, preventing errors through processes management is widely used. Control stages
in the processes of data creation and/or updating take place in order to avoid
inconsistencies.

To locate errors, the Data editing technique is used, which consists on defining
the rules (edits) that must be respected by certain group of data. In this way it is possible
to detect inconsistencies. The edits represent error conditions, for which they must be
consistent, and not redundant.

The edits can also be used for error prevention and improvement of processes,
avoiding inconsistencies on the database. We will not provide details about the error
prevention techniques as we do not use them on our work.

For anomalies’ detection and correction, which is when the value of a single
datum or more widely differs from the rest of the data, the situation can be any of the
ones that follow:

e The value was incorrectly measured, or incorrectly entered on the
database

e The value corresponds to a sample that is different from the rest

e The value is incorrect and it simply corresponds to some unusual event
from reality

These data can be identified based on two different measurements: by measuring
the distance from the registered values to the expected values (internal deviation), or by
measuring the variation of the data throughout time in comparison with other data
(relative deviation). There are different techniques for that. One of them calculates the
average value and the standard deviation of a certain group of data, to identify those
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values that deviate too much from the average value. A limit value could be defined so
that if the data were beyond the boundary, the data is suspected of being incorrectly
recorded. Other techniques also use the time factor to identify outlier data. Some are
based on the fact that certain measured or registered data on a specific lapse of time can
be strongly related to each other. Others take into account possible cycles where peak
values appear, for instance the use of cell phones during Christmas or New Year's Eve.

Dealing with these anomalies implies double effort: first they must be identified,
and then it must be decided if they correspond either to correct data of unusual events
from reality, or incorrect data, which should be corrected. These are the cases that we
categorize as suspect of containing errors, given that we cannot ensure that there is
indeed an error in the data.

2. Impact of Data Quality in Empirical Software Engineering

Regarding Software Engineering, the need to improve the quality of the obtained
products as well as the Software Development process itself, has become a critical and
fundamental aspect. This tendency can also be seen in the Quality Data field, given the
growing amount of information generated and stored, increasing as well its value and
importance for organizations.

The analysis presented here is no exception in that sense. It is highly important
to obtain good quality data in every experiment. This is due to the fact that such data is
the starting point for further statistical analysis, comparative studies and data analysis,
in which the results of the experiences are based on. It would be worthless to draw
conclusions based on poor quality data. Furthermore, it would be detrimental because a
false reality would be represented.

Unfortunately, in an extensive and very recent literature review, Bachmann
realized there are very few studies that examine the quality of the data collected during
the use of a software development process [30]. Most of the few works are studies about
the defect records’ data and about the data of the software for version control, ignoring
other data generated during the use of a software development process.

In another study, the authors found that poor quality data collected during the
development process affects the quality of the software product developed [31]. It is due
to the severe negative impact that poor data quality can have, that Shepperd says "... 1
therefore suggest that this topic [data quality] should become a higher priority amongst
empirical software engineering researchers" [32].

This situation encourages us to move forward and analyze the quality of the PSP
data before running the statistical analysis. Particularly we focus on knowing and
improving the quality of the data recollected by the students during the execution of a
discipline software development process® as it is the PSP. The way ahead implies
analyzing and measuring the data quality generated by different PSP courses.

In this way, it will be possible to identify certain errors within the data that will
cause them to be dismissed for further analysis. Moreover, it will allow the obtained
results to produce a better and more faithful representation of the reality.

3 It should be clear that the data quality of a process’ execution, the quality of the process and the quality
of a product are very different concepts. We are assessing the quality of the data generated by the
execution of the PSP during the PSP courses.
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Undoubtedly, making analysis over data that contains errors might cause taking
wrong corrective actions. In other words, we would be might take actions to improve
aspects that should not be the focus, or we might take actions that do not have the
intended effect. This might cause not only a loss in important resources (time, effort,
dedication) over actions that will not help to improve the critical aspects -because we
are focusing on incorrect improvement actions- but also may damage those aspects that
did not needed to be acted upon.

Therefore, the main issue to consider is that the sample of data from which the
statistics analysis are going to be made, must be of high quality. In order to achieve
this, the first step would be to measure the quality over the relevant data for further
studies, with the purpose of detecting data containing errors, and data suspicious of
containing errors. Two possible ways appear then. The first consists on identifying
corrective actions, or cleaning actions over the detected errors. Another alternative
might be not considering such data on the sample. Despite the data cleaning allows
having more available data, and clean, many times the cost of this task is too high, or
even impossible, given the context and the data origin. Therefore, not considering data
with errors ends up being in many cases not only a cheaper alternative, but also an
executable one. And besides, it will lead to obtaining results that would contribute on
the improvement of the process under study.

3. Data Quality Analysis in the PSP

In order to carry out any data quality study, the first step must be to know the
reality and the context under analysis. It is because of this that the study of the Personal
Software Process (PSP) is done as deeply as possible, including the use of the tool for
data recording. This would allow us to identify the potential quality problems the data
under study could have.

After being aware of the domain to be analyzed, an evaluation of the possible
dimensions and quality factors interesting to be measured and considered takes place as
the first step. It is important to highlight here that the focus lies on how the data is
recorded by the tool, given that it is the only way for entering data in the database. This
means that all controls made automatically by the tool will not be worth measuring,
because we can be sure that there will not be errors on such data (as an example:
constraints of non null values, foreign keys, automatic calculations already existing in
the database). In this way, the focus lies on the values that are entered manually,
because it is here where most errors will occur. Unfortunately no documentation (user's
manual, technical and/or functional documentation, database diagram) about the tool
was available. The automatic controls identified on the tool -and that are considered in
this study- were a consequence of the use of it, meaning they were detected along with
the use of such tool. As part of the first analysis, the Grading Checklists are considered
input of great contribution. They are used by the instructors for correcting exercises
done during the course. Based on these checklists, it is possible to identify possible data
quality problems to bear in mind, from which measurements can be defined. Moreover,
possible completeness and accuracy problems can be identified. The detailed
description of these metrics can be found in Appendix 3.

It is worth mentioning that for many cases, suspect values can be found. This
means that they appear to be wrong but it is impossible to ensure if they do represent to
a data quality problem, or if they represent an unusual but real event, and therefore
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should not be considered as data errors. For such cases, given that access to the sources
1s not possible (participants of the course) to know the real origin of the error, the
proposed alternatives are the following. For those cases in which analyzing manually is
feasible (according to the amount of data), they will be considered as a separate sample
with the purpose of identifying if they contain -or not- data quality problems. For the
rest of the cases, data will be dismissed and will not be considered for the statistical
analysis due to its suspiciousness.

Regarding the scope of the data that needs to be measured (the whole database,
or only certain data or tables), focus will be on those data in which this thesis is based.
Nevertheless, possible relations with other data that might affect the global results will
not be left aside.

3.1. Data Quality Problems

A classification and detailed description of the main quality problems found are
obtained after analyzing all possible data errors identified in the first stage. For every
identified quality problem, the following aspects are included:

e A brief description of what it consists of and why its consideration is to
be of importance.

e The probable causes or known causes (if they are already known)

e The metrics used to measure it, including its granularity (which it may be
at cell level, tuple, table or entire database). For all cases the result unit
of the measure is Boolean, meaning that whether the measured object
contains an error or not is indicated.

The quality data dimensions to be measured are: accuracy, completeness,
consistency and uniqueness. On Table 5, the quality problems are presented for each
dimension and factor.

Dimension Factor Quality Problem
Syntactic Accuracy Out of range value
Accuracy Semantic Accuracy Incorrect project identifier
Precision Precision in times
Density Null value
Completeness —
Coverage Non-existing record
Domain Integrity Domain integrity rules
. Intra-relationship integri Intra-relationship integrity rules
Consistency T p' grity P P : £y
Referential integrity Referential integrity rules
Invalid reference
Uniqueness Duplication Duplicated register

Table 5: Data Quality Problems

In the following subsections all the quality problems are presented briefly. A
detailed presentation about the data quality problems addressed in our work can be
found in Appendix 4. For all cases, the unit of measure of the result is boolean: what is
measured is whether the object has a problem or not. In most cases -except if stated not
to- problems are measured by the definition and execution of SQL queries.
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3.1.1. Out of Range Value

The out of range values are those which are situated outside a previously defined
valid range. Such values could correspond to anomalous values and as a consequence,
results and conclusions obtained through the data analysis might not accurately reflect
reality.

For each of the identified cases (for instance, times), it is necessary to define
certain criteria to appropriately determine the range in which values are going to be
evaluated. Outliers are going to be identified by SQL queries. An outlier is a value that
is unusually higher or lower than the others within a group of data, but that does not
necessarily correspond to a wrong value. The range is determined considering the mean
value and the standard deviation of the registered values. Values outside such range will
be considered as probable of containing errors, and therefore they will be analyzed
isolated from the rest.

3.1.2. Incorrect Project Identifier

All users should use the same indicators to refer to the same projects of reality.
If not, it is impossible to do data analysis by project. With this problem all projects that
have the right PSP process associated are indentified, but their project identifier does
not correspond to reality®.

3.1.3. Precision in Times

With this problem the objective is to measure the precision level of the
registered times, given that it is of interest knowing the exact moment in which a defect
was registered. Hours, minutes and seconds of the registered times should never be 0.

3.1.4. Null Value

It is of interest knowing which information was registered and which was
omitted. For the omitted information, it is important to know the cause of such
omission, and if possible, to determine the value it should take instead of the null one.

Fields that admit null values are identified, but in reality they should have a
value different from empty (the fact that they admit null values is due to an incorrect
design of the database that the PSP course tool uses).

3.1.5. Non-existing Records

Those registers that do not exist in the database but that do exist in reality are
identified, meaning its entry was omitted. In other words, there is a portion of data that
exists in reality, but is not reflected in the database. If we do not count with the whole
universe of data, the statistic analyses that are carried out would only reflect a part of
the reality under study.

3.1.6. Domain Integrity Rules

For some attributes it is possible to define the domain to which its values must
belong to. In this case, it is defined that the valid domain for certain values must always
be greater than zero.

# In the PSP student database, each program assignment has a project identifier.
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3.1.7. Intra-relationship Integrity Rules

A set of rules are defined under certain attributes of a same table, which must be
met within the database under study. If any of these rules were to be violated, data
consistency would be affected, and therefore any analysis done over such data would be
affected as well.

3.1.8. Referential Integrity Rules and Invalid Reference

A set of rules are defined under certain attributes of a same table, which must be
met within the database under study. Particularly, certain references towards certain
inexistent tuples in the database are identified; therefore, they end up being invalid
references. This is a consequence of an error in the schema design of the database,
because the definition of the foreign keys over certain attributes is omitted.

3.1.9. Duplicated Register

This quality problem is identified when there are two or more registers that
appear repeated in the exact same way. There are two situations:

e When they have the same value for the key and the rest of the attributes (or null
values). This case is dealt with RDBMS? controls.

e Despite having different primary key, they refer to the same object from reality
and contain the same data regarding the defined fields. For this case, it is
necessary to verify that there are not repeated registers (according to defined
criteria) in the database under study. Two cases are considered: defects
duplication, which corresponds to defects that were registered at the exact same
hour, and students duplication, which corresponds to students that have the same
name, same instructor and same date of creation of their profile within the tool.

3.2. Data Quality Analysis Results

Ten quality problems were identified, and a total of 91 metrics were defined to
measure these problems applied to objects (cells and/or tuples) of the database. We did
the measuring of the totality of the metrics that were defined. The execution of the
measuring for these metrics was done automatically through SQL sentences in all cases.
For the 20% of the cases, PHP programmed algorithms were used. This section presents
the most important results in a general way. The complete results of our analysis can be
found in Appendix 3.

Table 6 shows the amount of defined metrics for each quality problem, the
amount of metrics that correspond to errors, and the amount that correspond to
suspicious cases. Besides, it also indicates for each quality problem the percentage of
objects with such quality problem according to the metrics that measure errors and
according to the metrics that measure suspicious cases.

After executing all measuring we observe that 1.34% of the total of the
measured objects has some error or possible error. If we only consider the metrics that
measure errors (and we do not count suspect cases) such value decreases to 0.99%, and
if we only consider the metrics that measure suspect cases, the percentage of objects
with errors increases to 2.10%.

> The term RDBMS refers to Relational Database Management System
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A prior study on the quality of the PSP data presented a 4.8% of errors within
data [33]. In that case, many of the errors in the data were due to manual calculations of
derived data, something that no longer occurs with the current PSP tools. This
difference in data quality given by the used tools is also mentioned by Bachmann and
Bernstein “We also discussed the impact of varying data characteristics across [the
studied] projects and concluded that, e.g., the nature of used software engineering
processes, the use of process support tools [ ...] result in differing data characteristics”

[31].

4 total # metrics | # metrics % %
Quality Problem . for for objects | suspicious
metrics . . . .

errors suspicious | with error | objects
Out of range value 8 0 8 0,00 % 3,20 %
Incorrect project 1 1 0 8,66 % 0,00 %
identifier
Precision in times 1 1 0 7,23 % 0,00 %
Null value 26 26 0 1,32 % 0,00 %
Non-existing 3 1 2 0,12 % 16,90 %
record
Domain integrity 15 15 0 1,29 % 0,00 %
rules
Intra-relationship 5 2 3 1,05 % 0,40 %
integrity rules
Referential 10 9 1 11,94 % 3,44 %
integrity rules
Invalid reference 20 20 0 0,04 % 0,00%
Duplicated 2 2 0 1,62 % 0,00 %
register

Table 6: Amount of metrics and percentage of objects with error for each quality
problem

These quality results, both seen from a global and particular point of view for
each quality problem, are indicating that data cleaning is needed, in order to guarantee
that the statistic analyses of data from these courses will be done over valid data.

3.3. Data cleaning and cut-offs applied

In order to consider only the data with no known quality problems in our
analyses, we performed the appropriate data cleaning procedures as well as discarded
the poor data quality that was not possible to be cleaned. Those procedures are based on
91 defined metrics for the 10 data quality problems addressed. These are presented in
detail in Appendix 3.

Besides the already explained metrics’ classification, we classified the metrics in
three groups, according to what aspect of the PSP basic concepts they measure: size,
effort or defect. We also associated the four engineers’ performance dimension that we
are going to analyze with these three concepts as follows:

e Defect density in unit testing is associated with “defect” and “size”. This
is because this variable depends on the removed defects records and the
actual size records.
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e Yield is associated with “defect”. This is because this variable depends
on the removed and injected defects records.

e Production rate is associated with “size” and “effort”. This is because
this variable depends on the actual size and actual effort records.

e Size estimation accuracy is associated with “size”. This is because this
variable only depends on the actual size and estimated size records.

According to these associations, we applied the data cleaning and data cut-off
for each dependent variable we studied based on the objects with quality errors that
were detected by the metrics associated to the same concepts. In the following chapter,
the final data set (the one after the data cleaning process) considered for each hypothesis
is presented.

The data quality analysis of PSP’s data done in this thesis was published in the
Proceedings of the IX Jornadas Iberoamericanas de Ingenieria de Software e Ingenieria
del Conocimiento (Iberoamerican Conference in Software Engineering and Knowledge
Engineering), 2012 [34].
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Chapter 5

Data Analysis

As we know, the strategy of PSP is to improve the work discipline and thus to
improve the performance of practicing software developers. The underlying assumption
is that such a defined and well-structured process leads to better estimating, better
planning and tracking, protection against over commitment, a better personal
commitment to quality, and the engineer’s involvement in continuous process
improvement. Based on these goals, Hayes et al. examined five dimensions of the PSP;
size estimation, effort estimation, product quality, process quality, and personal quality
[7]. For each of these dimensions he formulated an individual hypothesis. Later
Rombach et al. added another dimension and hypothesis, defect estimation [8]. Closer
in time, Nichols et all. in a technical report re-analyzed and reflected on each hypothesis
with a more complete data set [10].

Our general goal is to know if the different techniques and phases of the PSP
(and therefore, the PSP itself) produce positive changes in different software
development aspects. More specifically, we intend to conduct an empirical investigation
of the data recollected during the courses to analyze and evaluate the effectiveness of
the PSP and the impact of the domain experience.

In our work we took some of the hypothesis that Hayes et al. defined, and
extended them to analyze whether the introduction of a specific technique improves a
dimension or if such improvement is only a consequence of gaining experience in the
problem domain.

We analyzed and compared the data from the latest two courses versions of PSP
for the purpose of evaluating engineers’ performance improvements with respect to
defect density in unit testing / yield / production rate / size estimation accuracy from the
viewpoint of a researcher in the context of the PSP training of engineers in “PSP for
Engineers I/II revised” course and the training of engineers in “PSP Fundamentals and
Advance” course.

This chapter is structured as follows. Section 1 defines the four hypotheses to be
studied. Section 2 describes the origin of the data, its preparation for further analysis,
the statistical model and an indirect statistical method proposed to analyze the data.
Section 3 presents general internal and external threats to validity of the data analysis
that apply to all the hypotheses. Sections 4 to 7 present the detailed results of the data
analysis for each hypothesis. In the General Conclusions of the Data Analysis, the
general conclusions are presented.
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1. Hypotheses Definition

This section presents each one of the hypothesis defined and studied to evaluate
changes in engineers’ performance.

1.1 Hypothesis 1 - Defect Density in Unit Testing

Defect counts and measures of defect density (i.e., defects per KLOC) have
traditionally served as software quality measures. The PSP uses this method of
measuring product quality, as well as several process quality metrics. The consequence
of high defect density in software engineering is typically seen in the form of defect
fixing or rework effort incurred on projects.

Here we address the impact of PSP application on the defect density of the
programs produced by the engineers. In addition to overall defect density, a specific
focus on the defect density of programs during the compile and test phases of the life
cycle is provided. Defects that remain in the product at the end of the life cycle are the
most costly to remove and have frequently been used to estimate the defect density of
the delivered product; therefore, a reduction in these ‘late’ defects has a beneficial effect
above and beyond the impact of a reduction in overall defect density.

PSP2.1 introduces design notation, four design templates, and design
verification methods to the PSP. These ensure that the designer examines and
documents the design from different perspectives. This improves the design process,
which makes the engineer consider many perspectives. The design templates in the PSP
provide four perspectives on the design: an operational specification, a functional
specification, a state specification, and a logic specification. Design is considered a
defect prevention activity, so we think that total defect density should decrease
significantly.

The hypothesis to be investigated is as follows:

As engineers progress through PSP training, the number of defects injected and
therefore removed per thousand lines of code (KLOC) decreases. With the
introduction of design and code reviews in PSP level 2, the defect densities of
programs entering the compile and test phases decrease significantly.

1.2 Hypothesis 2 - Yield

One of the most powerful process metrics used in the PSP is the pre-compile
defect yield (hereafter referred to simply as yield). Yield is the percentage of defects
injected before the compile phase that are removed before the first compile. The PSP
teaches engineers to examine process quality by quantifying the yield of their personal
software process. By understanding how well their process works to prevent defects
from “entering” the last phases of the process, engineers can see for themselves the
benefit of changes they make to their processes. In general, the goal is to work for a
yield of 100%.

The hypothesis to be addressed is as follows:

As engineers progress through the PSP training, their yield increases
significantly. More specifically, the introduction of design review and code review
following PSP level 1 has a significant impact on the value of engineers’ yield.
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1.3 Hypothesis 3 — Production Rate

Production rate is a major focus of most organizations that produce goods for
customers. The quantification of product output per unit of time spent is as old a metric
as can be found in any industry. In PSP, the data collected by the engineers allow them
to compute lines of code per hour (LOC/Hr) as a measure of their personal production
rate.

We believe that even when PSP increments the amount of design documentation
and data tracking, production rate remains unchanged during the PSP course.

The hypothesis to be tested is:

As engineers progress through the PSP training, there is no real substantive gain
or loss in production rate. That is, the number of lines of code designed, written,
and tested, per hour spent does not change with a higher PSP level.

1.4 Hypothesis 4 - Size Estimation Accuracy

Estimating the size of a job prior to deciding how long it will take to complete,
while logical to most people, seems to be a difficult practice to instill in software
engineers. The PSP provides a proxy-based estimation method (introduced during PSP
level 1) to help engineers decompose the program and estimate the size of each element,
based on historical data. Introduction of this method is designed to enable engineers to
become more accurate estimators of their own work.

While there will always be a subjective element to estimation no matter how
much data it is based on, the PSP training strives to teach engineers how to make the
best use of their own past experience. When the size estimation method is introduced at
the start of PSP level 1, the engineers have data from previous assignments as a basis
for estimating.

Therefore, the hypothesis tested is as follows:

As engineers progress through the PSP training, their size estimates gradually
grow closer to the actual size of the program at the end. More specifically, with
the introduction of a formal estimation technique for size in PSP level 1, there is a
notable improvement in the accuracy of engineers’ size estimates.

2. Data Set and Statistical Model

The data for this analysis was reported and collected by the Software
Engineering Institute. We used data from the eight program course version, PSP for
Engineers I and II (PSPI/IT), taught between June 2006 and June 2010. And we used
data from the seven program course version of PSP Fundamentals and Advanced (PSP
Fund/Adv), taught between December 2007 and September 2010. These courses were
taught by the Software Engineering Institute (SEI) at Carnegie Mellon University or by
SEI partners, including a number of different instructors in multiple countries.

We began with 347 subjects in total, 169 from the PSP Fund/Adv course and
178 from the PSPI/II course. From this we made several cuts and run data cleaning
algorithms to include only the students who had completed all programming exercises,
in order to clean and remove errors and questionable data.
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To determine the cuts on the data set, we first developed an integrated data
storage model. We designed such model in order to support the analysis and the
assessment of data quality, based on the data quality theory, as it is explained in
Chapter 4. In this way, we thoroughly identified and defined possible quality problems
that the data under study might contain, we implemented the algorithms required for
cleaning and collecting the metadata and finally, we executed those algorithms. Major
data quality problems were related to the consistency, accuracy, completeness and
uniqueness dimensions. This meant that after that data quality process, our data set was
reduced as can be seen in Table 7.

Number of Engineers
Course Defect Yield Production Size
Density rate Estimation
in UT Accuracy
PSP /11 48 97 78 163
PSP Fund/Adv 45 120 82 148
Total 93 217 160 311

Table 7: Number of engineers who provided complete sets of data for each hypothesis

Differences in performance between engineers are typically the greatest source
of variability in software engineering research, and this study is no exception. However,
the design of the PSP class, and the standardization of each engineer’s measurement
practice, allow the use of statistical models which are well suited for dealing with the
variation among engineers.

In the summarized analyses presented, we studied the changes in engineers’ data
over seven programming assignments. Rather than analyzing changes in group
averages, this study focuses on the average changes of individual engineers. Some
engineers performed better than others from the first assignment, and some improved
faster than others during the course. In order to discover the pattern of improvement in
the presence of these natural differences between engineers, the statistical method
known as the repeated measures analysis of variance (ANOVA) is used [14]. In brief,
the repeated measures analysis of variance takes advantage of situations where the same
people are measured over a succession of trials. By treating previous trials as baselines,
the differences in measures across trials (rather than the measures themselves) are
analyzed to uncover trends across the data. This allows differences among baselines to
be factored out of the analysis. In addition, the different rates of improvement between
people can be viewed more clearly. If the majority of people change substantially
(relative to their own baselines), the statistical test will reveal this pattern. If only a few
people improved in performance, the statistical test would not be likely to suggest a
statistically significant difference, no matter how large the improvement of these few
people was.

Below we define some terms and independent variables that must be clear to
understand the analyses:

e Subject — A student who performs a complete PSP course.

e Course Type — Refers to a PSP course version. It can be PSP Fund/Adv
or PSPI/II. This variable in plots can be seen as 1 and 2 respectively.

e Program Assignment or Program Number — Refers to an exercise that a
student has performed during the PSP course. Values go from 1 to 7.
Program assignment 8 of the PSP I/II course version is not going to be
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analyzed as there is no way to compare it with another assignment in the
PSP Fund/Adv course version.

e PSP Level — Refers to one of the six process levels used to introduce the
PSP in these course versions. It can be PSP0O, PSP0.1, PSP1, PSP1.1,
PSP2, PSP2.1. Each program assignment has a corresponding PSP level
according to the PSP course version. As we want to analyze the
introduction of phases and techniques during the courses, we group PSP0
and PSP0.1 and we group PSP1.0 and PSP1.1, and analyze PSP2.0 and
PSP2.1 separately. So the PSP Level variable can be seen in plots as 0, 1,
2 or 3 respectively.

To apply ANOVA, the dependent variable needs to be continuous, and an
independent variable is necessary to represent the time points or conditions
(categorical). In this study we are considering the PSP Course, the PSP assignment and
the PSP level to be the independent variables, and the analyzed hypotheses to be the
dependent variables. Table 8 describes the dependent variable in detail.

Dependent Variable Value
Defect Density in Unit 1000 * Total defects removed in testing / Actual
Testing (H1) added and modified LOC
Yield (H2) 100 * Defects removed before the compile phase /

Defects injected before the compile phase
Production Rate (H3) (Actual A&M LOC / Actual Minutes) * 60

Size Estimation (Estimated LOC — Actual LOC) / Estimated LOC
Accuracy (H4)

Table 8: Dependent variables for each hypothesis and their values
2.1 An Indirect Statistical Method of Analysis

As we said in the introduction, the global objective of this study is to use the
PSP data from the latest two course formats to demonstrate whether the effects on the
engineers’ performance are associated only with PSP level and the introduced
techniques rather than number of programs experience.

To reach that objective, we considered a direct way through an Analysis of
covariance (ANCOVA). As we explained in Chapter 3, the covariance is a measure of
how much two variables change together and how strong the relationship is between
them. The ANCOVA is a general linear model which blends ANOVA and regression.
ANCOVA evaluates whether population means of a dependent variable (DV) are equal
across levels of a categorical independent variable (IV), while statistically controlling
for the effects of other continuous variables that are not of primary interest, known as
covariates (CV). Therefore, when performing ANCOVA, we are adjusting the DV
means to what they would be if all groups were equal on the CV.

Based on these ideas, we try to solve our problem by using the corresponding
dependent variable according to the hypothesis to be studied; using PSPI/Il and PSP
Fund/Adv as categorical values to segment the data into two parts; using the program
assignment as the independent variable; and using the PSP level as the hidden variable.

57



Chapter 5. Data Analysis

When attempting to apply ANCOVA, we discovered that the correlation
between PSP level and program number across the two courses was stronger than we
believed. As explained in Chapter 3, correlations between the factors are a strong anti-
indication for ANCOVA [14]. Therefore, as we could not satisfy the ANCOVA
assumptions, we decided to create a more indirect procedure and analyze the results
based on specific differences between the two courses using the PSP level.

To develop this indirect procedure we examine some relationships between
program number, PSP level, course type and engineers’ performance, which is
represented by the value of the dependent variable under study. The following
procedure consists of three steps, each one based on an ANOVA analysis using the
corresponding dependent variable for each hypothesis.

To present this approach, let us define DepVar as a dependent variable to be
studied. All the three presented steps will be related to the study of this unique
dependent variable. If we want to study other dependent variables, we should execute
all the three step approach again.

The first step is like a gate, that if we are able to open it, this can lead us to think
that the changes are not due to programming repetition. This step tries to find out
whether there are differences between the two courses by comparing the dependent
variable for each program assignment. That is, we compare the dependent variable at
the program number x of PSP Fund/Adv vs. the same program number x of PSP I/IL.
And we made this comparison for all the program assignments. If there is no
statistically significant difference, that means that the dependent variable value in the
same program assignment of both courses is not changing. However, in the courses each
program assignment has different PSP level. So, it seems that the changes in the PSP
levels are not affecting the dependent variable changes. In this case, if any changes in
the dependent variable existed through the exercises, then the exercise repetition and
domain learning would be the root causes of the changes in the dependent variable. On
the other hand, when we find differences, we should move forward to the second step in
order to find if the PSP level could be the root cause of the changes.

Figure 9 to Figure 12 show examples of how differently a dependent variable
can evolve during the courses.
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Figure 9: Example - DepVar keeps constant and unchanged during the 7 program
assignments on both courses. There are no improvements.
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Figure 10: Example - DepVar keeps changes constantly by course during the 7 program
assignments, but keeps unchanged between courses. Here the improvements are due to

exercise repetition.
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Figure 11: Example - DepVar changes with a different course pattern during the 7
program assignments, but the changes are happening on programs assignments with
the same PSP level on both courses: Program 6 with PSP level 2.1, and Program 7 with
PSP 2.1. Here the improvements are probably due to exercise repetition

program_number

depvar

course_version

Figure 12: Example - DepVar changes with a different course pattern during the 7
program assignments, and the changes are happening on programs assignments with
different PSP level on both courses: Program 2, with PSP1 in PSP Fund/Adv and PSP0
in PSP l/II; Program 2, with PSP2 in PSP Fund/Adv and PSP1 in PSP I/Il; Program 5,
with PSP2.1 in PSP Fund/Adv and PSP2 in PSP I/Il. When this is the situation, we can
move forward to the next step.

To perform the analysis for this first step, we use a series of one-way ANOVA
between each program number using course as the grouping factor. This establishes if
the assignments have statistically significant different means of the dependent variable
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between the courses. If there are not different means between courses, then the analysis
is done because the program by program results for the two courses do not differ. We
must run a set of test, one for each program number. If we find significant differences in
at least one program number that has different PSP levels in each course, then we
proceed to the next step. It is important to be sure that the significance difference is
found in a program assignment that has one PSP level in one course and another PSP
level in the other course version, because that is what will allow us to discard the
repetition of the main root cause of the changes.

To present the first step in a more formal way, a set of parametric tests of
ANOVA are applied, one for each program number, to find out if it is possible to state
that DepVar for program assignment x in PSP Fund/Adv course version is different
from DepVar for the same program assignment x in PSP I/II with statistical validity.
DepVar is the dependent variable and course type is the factor. The null hypothesis HO
states the means are the same; the alternative hypothesis states that they are different.

HOx : uDepVary, psp r/a = pDepVarx, psp it
Hlx: uDepVary, psp r/a <> pDepVarx, psp v

Where the x refers to the program assignment numbers, which generally will go
from 1 to 7 (it depends on the dependent variable under study).

Then, if at least one test, where the PSP level of the program number x is
different in both courses, rejects HO with o < 0.05, we would proceed to the next step.

We know that in each course, each program assignment is completed following a
specific PSP level. The second step looks at each course separately, and tries to find out
if the differences between the course programs assignments are happening when the
PSP level has changed or if the differences are happening even when the PSP level has
no changed between two assignments. If there are significant changes between
programs assignments with the same PSP level, this can lead us to think that the effects
on the dependent variable are due to the repetition of exercises and not due to a specific
technique introduction. Otherwise, if the significant changes are only between programs
assignments with different PSP level, then we must study (in the third step) the behavior
of the engineers’ performance through the PSP levels, when grouping the program
assignments by PSP level. We should also check that changes are significant according
to the first step results.

To perform the analysis for the second step, we must perform a one-way
ANOVA for repeated measures for each course type, using the program number as the
grouping factor. This establishes a pair by pair comparison between all the assignments
of each course separately. If in one course, two assignments have different means of the
dependent variable, we should take a look at the applied PSP level of each assignment
of that course. When they PSP level is the same, we can think that the effects are not
due to the PSP level but due to exercise repetition.

Formally, in the second step, a one-way ANOVA for repeated measures is
applied for each course version, to find out if it is possible to state that DepVar for
program assignment x in course version Z is different from DepVar for program
assignment y in course version Z with statistical validity, for each program assignment
X, y where x<y; and Z= belongs to {PSP Fund/Adv, PSP I/Il}. DepVar is the dependent
variable and program assignment is the factor. The null hypothesis HO states the means
are the same; the alternative hypothesis states that they are different.

HO : uDepVary, z= puDepVary, z
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H1: uDepVary, z <> uDepVary, 7

Where x and y refer to all the program assignment numbers, which generally
will go from 1 to 7 (it depends on the dependent variable under study), where x<y; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/II.

The third and last step looks at each course separately again, and tries to find out
if the dependant variable differences between the PSP levels are happening when a
specific technique that is expected to improve an aspect of the engineers’ performance
is in fact introduced. If there are significant changes between PSP levels where the
technique is introduced, this will be showing that the introduced technique is the factor
affecting the engineers’ performance and not the program repetition. We should also
check that changes are significant according to the second step results.

To perform the analysis for this third step, we must perform a two-way ANOVA
for repeated measures, using the PSP level and the course type as the grouping factors.
This establishes a pair by pair comparison between all the PSP levels of each course
separately. If in one course, two PSP levels have no statistically different means, we can
say that the techniques introduced in that PSP level are not affecting the engineers’
performance that are related to the specific dependent variable under study.

Formally, in the third step, a two-way ANOVA is applied, to find out if it is
possible to state that DepVar for PSP level v in course version Z is different from
DepVar for PSP level w in course version Z with statistical validity, for each PSP levels
v, w where v>>w and v, w belongs to {PSP0, PSP1, PSP2, PSP2.1}; and Z belongs to
{PSP Fund/Adv, PSP I/Il}. DepVar is the dependet variable and PSP level and course
type are the factors. The null hypothesis HO states the means are the same; the
alternative hypothesis states that they are different.

As the engineers’ data is recorded by program number during the courses, to
have the data by PSP level we calculate the average of the dependent variable of all the
programs grouped by PSP level.

HO : pDepVary, z= pDepVary, z
H1 : uDepVary, z <> uDepVary, z

Where v and w refers to all the PSP levels, PSPO, PSP1, PSP2 and PSP2.1; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/II.

In the third step, the effect sizes are calculated when significant differences are
found. An effect size is a measure of the strength of a phenomenon. It is known that
conclusions drawn from hypothesis testing results might be erroneous if effect sizes are
not judged in addition to statistical significance [35].

For each ANOVA test specified in this third step approach, we decided to apply
the two-tailed significance test at 0.05. When using a two-tailed test, regardless of the
direction of the relationship we hypothesize, we are testing the possibility of the
relationship in both directions. For example, we may wish to compare the mean of a
sample to a given value x using a t-test. Our null hypothesis is that the mean is equal to
X. A two-tailed test will test both if the mean is significantly greater than x and if the
mean is significantly less than x. The mean is considered significantly different from x
if the test statistic is in the top 2.5% or bottom 2.5% of its probability distribution,
resulting in a p-value less than 0.05.

Figure 13 shows a flowchart that represents in a clear graphic way the flow of
the third step analysis procedure that we propose.
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Figure 13: Three Step Analysis Approach Flowchart

3. General Threats to Validity and Limitations

The participating engineers in the PSP course have huge variety in their
background, their knowledge and their experience. All those variables are influencing
the collected measures and data. PSP application effects might for example be affected
depending on the pre-class skills of the participants. Besides, assumptions were made
on the validity of the data and the used tests. Although the data is prepared by the
above-mentioned data quality cut-offs to be as complete and consistent as possible for
the statistical tests, several threats to validity could be identified.

There are some threats to validity and limitations in this study that apply for all
the hypotheses analysis. In this section we describe them. Later in other sections of this
chapter, for each hypothesis analysis we discuss also the specific threats for that

particular hypothesis.

To apply the repeated measures ANOVA some assumptions must be met:

e Subjects must be randomly selected

e Observations on these subjects are independent

e Dependent variables must be normally distributed
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e Equality of variances

The researchers did not select the subjects; they were the ones that selected the
course, and there is no precondition to do one course or another. So the random
selection seems to be satisfied. But, on the other hand, some other biasing factor
remains, because the students that took the PSP Advanced are more likely to go onto
instruction or teaching. So, this group might respond better to the PSP instruction, and
this could be seen as a threat to validity.

As other potential factors, a completely independent observation of the subject is
almost impossible to achieve as classes are working together with the same instructor
and thus they do not only depend on the sole quality of the instructions. Given the quite
large set of data, the large number of different instructors, and numerous different
classes this assumption should however not be completely violated.

The analysis of the collected data showed that the requirement for normal
distribution of the dependent variables is not fully met. However, the data are mounded
without severe outliers. Nevertheless, different transformation techniques were applied
to better meet this assumption for each hypothesis to reach a more normal distribution
variable. Fortunately, an ANOVA is not very sensitive to moderate deviations from
normality; simulation studies, using a variety of non-normal distributions, have shown
that the false positive rate is not affected very much by this violation of the assumption
[36] [37] [38]. The transformations to reach a more normal distribution variables are
explained later.

The PSP training aims at providing engineers with techniques to improve their
daily work with 7 or 8 assignments, depending on the course version. The data is
collected within a class set-up where the attendees can concentrate on the assignment
and are not distracted by colleagues, working on multiple projects, etc. The
investigation thus can only show the improvements achieved during the duration of the
class.

A general translation of the achieved improvement effects to generally improved
workplace performance must however be seen very carefully. The results show trends
and it can be interpreted that the trend might continue and finally lead to the assumed
results. It is also not directly possible to conclude that the results are immediately valid
for large scale projects, when the engineers are working in multiple project teams, and
the project is executed over a long time span.

We are comparing program assignments of two course versions as if they were
identical. Some of them are exactly the same assignments, others are very similar. This
can be considered a threat to validity, as they are not all exactly the same.

Engineers attending the PSP course are unfamiliar with the process phases and
need to evolve them by using PSP and understand more about the process each time it is
used. The data of the PSP courses are all collected at a stage were the engineer has the
idea of “what he wants to do” but still not enough experience to stabilize his process.
With the introduction of each new phase the process is getting more complex and thus,
with each PSP-level, the engineer is forced to extend his knowledge on the process.

This situation may have an impact in the way some techniques are applied. So,
the collected data is not really showing the use of PSP but the use during the PSP
learning (which is not the same). In the practice it is expected that the data not only
differ from the ones studied, but also it is expected to be better regarding to the studied
hypotheses.
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4. Defect Density in Unit Testing

This section presents the analysis, results, threats to validity and conclusions
related to the study of the performance of the engineers regarding defect density in unit
testing.

4.1 Analyses and Results

This subsection presents in detail each step of the descriptive and the statistical
analysis, discussing the results of each step.

4.1.1 Descriptive Statistics

The objective of this study is to demonstrate whether reviews and design
improve the quality of a product in test. And we use defect density as a measure of
quality, so we define defect density in unit testing (DDUT) as the dependent variable in
our analyses:

DDUT = 1000 - Total defects removed in testing / Actual added and modified LOC

As we said earlier, after the data quality process our data set was reduced to 93
subjects in total, 45 from the PSP Fund/Adv course and 48 from the PSPI/II course. The
descriptive statistics for the dependent variable are displayed in Table 9.

N Min Max Media St. dev.
651 ,00( 1000,00( 20,1653 54,21639

Defect Density in Unit
Testing

Table 9: Descriptive statistics of Defect Density in Unit Testing

The independent variables are:

e Course Type — It can be PSP Fund/Adv (labeled by “1” in plots) or
PSPI/II (labeled by “27).

e Program Assignment — Itcanbe 1, 2, 3,4, 5,6, 7

e PSP Level — It can be 0 (PSP0.1), 1 (PSP1.0 and 1.1), 2 (PSP2) or 3
(PSP2.1)

In Table 9, the number of samples N is the sum of the assignments’ samples
considered for each student of both courses. N =148 * 6 + 163 * 6 = 1866. The
minimum and maximum values, the media and the standard deviation are also shown.

Figure 14 shows a box and whisker chart of DDUT grouped by course type and
PSP level. Figure 15 shows a box and whisker chart of DDUT too, but in this case
grouped by course type and program assignment.
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Figure 14: Box and whisker chart of DDUT for each PSP level, for both courses PSP

Fund/Adv and PSP I/I]
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Figure 15: Box and whisker chart of DDUT for each program assignment, for both

courses PSP Fund/Adv and PSP /1]

As that variable is not normal, we tried to normalize with a log-transform. Even
the normality assumption could not be fully satisfied; this new variable is clearly near to

a normal variable.

It is important to clarify that as total defects removed in testing can be zero, this
variable is not defined on this point. That is the reason for adding a constant value of 0.5

before the log-transformation.

So, our new dependent variable is:
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LN(DDUT) = LN((Total defects removed in testing / Actual added and modified
LOC) +0,5)

Basically, we did the following:

e Prior to transformation, added a constant of 0.5 to everything. This will
not alter the shapes or the slopes.

e Log-transformed the data. Now have no infinities at zero.
e Performed the fits
e Untransformed the data

e Subtracted the constant from the mean to calculate the effect size and the
confidence intervals.

4.1.2 Three Step Approach Analysis

To complete the statistical analysis, we must follow the three step analysis
procedure that was explained in the Section 2.1.

The first step tries to find out whether there are differences between the two
courses by comparing the LN(DDUT) for each program assignment. If there is no
statistically significant difference, that means that the defect density in UT in the same
program assignment of both courses is not changing. However, in the courses each
program assignment has different PSP level. So, it seems that the changes in the PSP
levels are not affecting the defect density changes. In this case, if any changes in the
defect density in unit testing existed through the exercises, then the exercise repetition
and domain learning would be the root causes of the changes. On the other hand, when
we find differences, we should move forward to the second step in order to find if the
PSP level could be the root cause of the changes.

So we applied a set of parametric tests of ANOVA, one for each program
number, to find out if it is possible to state that LN(DDUT) for program assignment x in
PSP Fund/Adv course version is different from LN(DDUT) for the same program
assignment x in PSP /Il with statistical validity. LN(DDUT) is the dependent variable
and course type is the factor. The null hypothesis HO states the means are the same; the
alternative hypothesis states that they are different.

HOx : uLN(DDUT)yx, psp ra = pLN(DDUT)x, psp vt
Hlx: uLN(DDUT)x, psp rra <> pLN(DDUT)x, psp 111
Where the x refers the program assignment numbers, which go from 1 to 7.

As at least one test where the PSP level of the program number is different in
both courses rejects HO with a < 0.05, we proceed to the next step.

The second step looks at each course separately, and tries to find out if the defect
density in UT differences between the course programs assignments are happening
when the PSP level has changed or if the differences are happening even when the PSP
level has no changed between two assignments. If there are significant changes between
programs assignments with the same PSP level, this can lead us to think that the effects
on the LN(DDUT) are due to the repetition of exercises and not due to the design and
code review introduction. Otherwise, if the significant changes are only between
programs assignments with different PSP level, then we must study (in the third step)
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the behavior of the defect density in unit testing through the PSP levels, when grouping
the program assignments by PSP level.

So, for this second step a one-way ANOVA was applied for each course version
to find out if it is possible to state that LN(DDUT) for program assignment x in course
version Z is different from LN(DDUT) for program assignment y in course version Z
with statistical validity, for each program assignment x, y where x<y; and Z= belongs
to {PSP Fund/Adv, PSP I/II}. LN(DDUT) is the dependent variable, and program
assignment is the factor. The null hypothesis HO states the means are the same; the
alternative hypothesis states that they are different.

HO : uLN(DDUT)y, z= uLN(DDUT)y. 2
H1: pLN(DDUT)y 7 <> uLN(DDUT)y, 7

Where x and y refer to all the program assignment numbers, which go from 1 to
7, where x<y; and Z refers to one of both of the courses version, PSP Fund/Adv and
PSP V1L

Table 10 and Table 11 summarize the ANOVA discussed above for this step for
the courses PSP Fund/Adv and PSP I/II respectively.

PSP Fund/Adv
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
) ) I-J)

2 1 ,154 1,000

3 2 1,364 ,003

4 2 2,348 ,000

1 5 2.1 1,602 ,000

6 2.1 2,139 ,000

7 2.1 2,347 ,000

3 2 1,210 ,015

4 2 2,193 ,000

2 5 2.1 1,448 ,001

6 2.1 1,985 ,000

7 2.1 2,192 ,000

4 2 ,983 111
5 2.1 ,237 1,000

’ 6 2.1 174 ,550

7 2.1 ,982 ,120
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5 2.1 -, 745 , 722
4 6 2.1 -,208 1,000
7 2.1 -,001 1,000
6 2.1 ,537 1,000
: 7 2.1 , 744 1,000
6 7 2.1 ,207 1,000
Table 10: LN(DDUT) ANOVA outputs for program assignment comparison in PSP
Fund/Adv
PSP I/I1
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
() ) I-J)

2 0.1 -,485 1,000
3 1 ,502 1,000

4 1.1 ,730 ,822

1 5 2 ,816 447

6 2.1 ,948 ,153

7 2.1 1,517 ,001

3 1 987 ,128

4 1.1 1,216 ,014

2 5 2 1,301 ,006

6 2.1 1,434 ,001

7 2.1 2,003 ,000
4 1.1 ,228 1,000
5 2 314 1,000
’ 6 2.1 ,446 1,000

7 2.1 1,015 ,093
5 2 ,0854 1,000
4 6 2.1 ,2179 1,000

7 2.1 ,786 ,599

69



Chapter 5. Data Analysis

6 2.1 ,132 1,000
5

7 2.1 ,701 1,000
6 7 2.1 ,569 1,000

Table 11: LN(DDUT) ANOVA outputs for program assignment comparison in PSP /Il

When we analyze the results at Table 10 and Table 11, we should look at the
values that are lower or equal than 0.05 in the significance column. In the PSP
Fund/Adv course we found that there is significant difference between Program 1 and
Programs 3, 4, 5, 6, 7. We also found that there is significant difference between
Program 2 and Program 3, 4, 5, 6, 7. That means that HO is rejected and the LN(DDUT)
means in the PSP Fund/Adv course are significantly different between Program 1 and
Programs 3, to 7 and also are significantly different between Program 2 and Programs 3
to Program 7. In PSP Fund/Adv Program 2 is completed following the PSP1 script,
Program 3 and 4 are completed following the PSP2 script, and Program 5 to 7 are
completed following PSP 2.1 script. So, we interpret this ANOVA results as
improvements between PSP0 and PSP2, between PSP0 and PSP2.1, and also
improvements between PSP1 and PSP2 and between PSP1 and PSP2.1.

Regarding PSP I/Il we found that there is significant difference between
Program 1 and Program 7, and also that there is significant difference between Program
2 and Program 4, 5, 6, 7. In PSP /Il Program 1 and 2 are completed following PSPO;
Program 4 is completed following PSP1; Programs 5 is completed following PSP2; and
Programs 6 and 7 are completed following PSP2.1. So, these results are consistent with
improvements between PSP0 and PSP2.1, as well as improvements between PSP0 and
PSP1, PSPO and PSP2; and improvements between PSPO and PSP2.1.

Separate course data showed a general downward trend in defect level with
program number, irrespective of process level. This was as we expected based on the
correlation between PSP level and program number. As a summary of this step, we can
say that for each course we only found significant difference between assignments with
different PSP level. According to the design and review techniques introduced in the
corresponding PSP levels, these improvements were expected.

Figure 16 shows the estimated marginal means of defect density in unit testing
vs. program number, for both courses. The graphic shows how the two courses perform
differently. The declining defect level is more consistent and larger in PSP
Fundamentals through the introduction of PSP 2.0. Defect levels appear to be more
consistent by the end of the courses.
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Medias marginales estimadas de Defect Density in Unit Test
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Figure 16. Estimated marginal means of DDUT vs. program number, for PSP
Fund/Adv and PSP I/I1

In the third and last step looks at each course separately again, and tries to find
out if the defect density in unit testing differences between the PSP levels are happening
when the design and code reviews are in fact introduced. If there are significant changes
between PSP levels where the reviews are introduced, this will be showing that the
introduced techniques are the factor affecting the engineers’ performance and not the
program repetition.

So, in the third step, a two-way ANOVA is applied, to find out if it is possible to
state that LN(DDUT) for PSP level v in course version Z is different from LN(DDUT)
for PSP level w in course version Z with statistical validity, for each PSP levels v, w
where v<>w and v, w belongs to {PSPO, PSP1, PSP2, PSP2.1}; and Z belongs to {PSP
Fund/Adv, PSP I/IT}. LN(DDUT) is the dependent variable, PSP level and course type
are the factors. The null hypothesis HO states the means are the same; the alternative
hypothesis states that they are different.

HO : uLN(DDUT)y, z= uLN(DDUT)y, 7
H1 : uLN(DDUT)y, z <> uLN(DDUT)y, 2

Where v and w refers to all the PSP levels, PSPO, PSP1, PSP2 and PSP2.1; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/IL.

Looking at the two-way ANOVA results, we found that there is significant
difference between PSP0 and PSP1, between PSP0O and PSP2, and also between PSP0
and PSP2. We also found that there is significant difference between PSP1 and PSP2,
and between PSP1 and PSP2.1.
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Figure 17 shows the 95% confidence intervals of defect density in unit testing
for each PSP level, for both courses together.
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Figure 17: 95% Confidence interval of DDUT for each PSP level

Looking at both courses together in more detail, results show that:

e PSPI was a factor of 1.52 more effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [0.607, 2.70].

e PSP2 was a factor of 2.26 more effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [1.965, 6.677].

e PSP2.1 was a factor of 2.28 more effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [2.861, 8.220].

e PSP2 was a factor of 0.78 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [0.809, 3.309].

e PSP2.1 was a factor of 0.89 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [1.284, 4.130].

The term “more effective”, in this study means that the defect density in unit
testing is reduced.

4.2 Threats to validity and limitations

By definition, defect density depends on the amount of defects removed. But the
amount of defects found and removed in the test phase depends on the experience and
on how good the student is in doing unit testing. Therefore, we have a threat related to
testing, because the tests - that are coincident with the treatment- may influence the
student behavior.

According to the history, these courses were taught largely, but not entirely at
different times. Newer development environments and changes in the computer
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language instruction may alter subject behavior or the defect injection profile. This
could affect course differences.

Even after having transformed the data, the normality assumption for ANOVA
could not be satisfied. The distributions of defect density tend to be positively skewed,
with long tails extending to the right and a truncated range at zero. This type of non-
normal distribution is to be expected given the source of the data. There can never be a
negative count for defects, so the truncation at zero is expected. In addition, we would
expect many small values of defect density and relatively fewer large values. This
positively skewed distribution is particularly expected when engineers (as a group)
reduce the defect density of the programs as they improve their quality during the
course. This is the type of data where either a logarithmic or inverse transformation can
be used to create a more nearly normal distribution [14]. Based on our examination of
the effects of these two types of transformations on the distribution of residuals, the
logarithmic transformation was used in the confirmatory analysis.

4.3 Conclusions

In this analysis we considered the work of 93 software engineers, who during
PSP work, developed 7 or 8 programs, depending on the course version. Each subject
took the complete PSP course, either PSP for Engineers I and II or PSP Fundamentals
and Advance. We analyzed the data collected by each student to determine whether the
design and reviews improve the quality of a product in test or if such improvement is
only a consequence of gaining experience in the problem domain.

Both courses appear to be effective in demonstrating effective use of design and
reviews and both show reduction in defect injections. Levels achieved at the end of the
course are consistent with best in class practice. This cross course comparison allowed
us to find out that a) “Hawthorne effect” is not as plausible as “gaining experience in the
problem domain” or b) PSP techniques associated with PSP level as a causal
explanation for the improvements. The strong association with PSP level suggests that
improvement effects are most plausible regarding mastering PSP techniques rather than
general domain knowledge. This might be further examined in a future study with an
analysis of phase injection and removal.

Because PSP level changes so rapidly in the PSP Fund/Adv and PSP /I
program number and PSP process level are tightly correlated in a way that makes
separating the effects difficult. These results cannot ensure that the observed
improvements are exclusively due to mastering the process techniques introduced in the
PSP. We propose future analysis in Chapter 7 to obtain more generalizable results.

The study of this particular hypothesis was published in the Proceedings of the
TSP Symposium 2012 and included in a SEI Special Report [39].

5. Yield

This section presents the analysis, results, threats to validity and conclusions
related to the study of the performance of the engineers in pre-compiled defect yield
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5.1 Analyses and Results

This subsection presents in detail each step of the descriptive and the statistical
analysis, discussing the results of each step.

5.1.1 Descriptive Statistics

The objective is to demonstrate whether the introduction of design review and
code review following PSP level 2 has a significant impact on the value of engineers’
yield, or if such improvement is only a consequence of gaining experience in the
problem domain.

We define Process Yield, our dependent variable, as follows:

Yield = (100 * Defects removed before the compile phase) / Defects injected before the

compile phase

As we said earlier, after the data quality process, our data set was reduced to 217
subjects in total, 120 from the PSP Fund/Adv course and 97 from the PSPI/II course.
The descriptive statistics for the dependent variable are displayed in Table 12.

N Min Max Media St. dev.
Yield 1519 ,001 100,00 37,4024 37,83361

Table 12: Descriptive statistics of Yield

The independent variables are:

e Course Type — It can be PSP Fund/Adv (labeled by “1” in plots) or
PSPUII (labeled by “2”).

e Program Assignment —Itcanbe 1,2,3,4,5,6,7

e PSP Level — It can be 0 (PSPO0.1), 1 (PSP1.0 and 1.1), 2 (PSP2) or 3
(PSP2.1)

In Table 12, the number of samples N is the sum of the assignments’ samples
considered for each student of both courses. N =120 * 7+ 97 * 6 = 1866. The
minimum and maximum values, the media and the standard deviation are also shown.

Figure 18 shows a box and whisker chart of Yield grouped by course type and
PSP level. Figure 19 shows a box and whisker chart of Yield too, but in this case
grouped by course type and program assignment.

74



Chapter 5. Data Analysis
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Figure 18: Box and whisker chart of Process Yield for each PSP level, for both courses
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Figure 19: Box and whisker chart of Process Yield for each program assignment, for
both courses PSP Fund/Adv and PSP I/I1
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5.1.2 Three Step Approach Analysis

To complete the statistical analysis, we must follow the three step analysis
procedure that was explained in the Section 2.1.

The first step tries to find out whether there are differences between the two
courses by comparing the process yield for each program assignment. If there is no
statistically significant difference, that means that the yield in the same program
assignment of both courses is not changing. However, in the courses each program
assignment has different PSP level. So, it seems that the changes in the PSP levels are
not affecting the process yield changes. In this case, if any changes in the process yield
existed through the exercises, then the exercise repetition and domain learning would be
the root causes of the changes. On the other hand, when we find differences, we should
move forward to the second step in order to find if the PSP level could be the root cause
of the changes.

So we applied a set of parametric tests of ANOVA, one for each program
number, to determine if it is possible to state that the yield for program assignment x in
PSP Fund/Adv course version is different from the yield for the same program
assignment x in PSP I/II with statistical validity. Yield is the dependent variable, and
course type is the factor. The null hypothesis HO states the means are the same; the
alternative hypothesis states that they are different.

HOx : pYieldy, psp r/a = pYieldx, pspvn
Hlx: pYieldx, psp ma <> pYieldx, psp v
Where the x refers the program assignment numbers, which go from 1 to 7.

As at least one test where the PSP level of the program number is different in
both courses rejects HO with o < 0.05, we proceed to the next step.

The second step looks at each course separately, and tries to find out if the yield
differences between the course programs assignments are happening when the PSP level
has changed or if the differences are happening even when the PSP level has no
changed between two assignments. If there are significant changes between programs
assignments with the same PSP level, this can lead us to think that the effects on the
process yield are due to the repetition of exercises and not due to the design and code
review introduction. Otherwise, if the significant changes are only between programs
assignments with different PSP level, then we must study (in the third step) the behavior
of the process yield through the PSP levels, when grouping the program assignments by
PSP level.

So, for this second step a one-way ANOVA for repeated measures was applied
for each course version, to find out if it is possible to state that Yield for program
assignment X in course version Z is different from Yield for program assignment y in
course version Z with statistical validity, for each program assignment x, y where x<y;
and Z= belongs to {PSP Fund/Adv, PSP I/II}. Yield is the dependent variable, and
program assignment is the factor. The null hypothesis HO states the means are the same;
the alternative hypothesis states that they are different.

HO : pYieldy, z= pYieldy, z
H1: pYields, z <> nYieldy, z
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Where x and y refer to all the program assignment numbers, which go from 1 to
7, where x<y; and Z refers to one of both of the courses version, PSP Fund/Adv and
PSP VI

Table 13 and Table 14 summarize the ANOVA discussed above for this step for
the courses PSP Fund/Adv and PSP I/II respectively.

PSP Fund/Adv
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
()] (#)) a-J)
2 1 ,354 1,000
3 2 -42,488 ,000
4 2 -45,780 ,000
1 5 2.1 -50,867 ,000
6 2.1 -57,087 ,000
7 2.1 -52,325 ,000
3 2 -42,841 ,000
4 2 -46,134 ,000
2 5 2.1 -51,221 ,000
6 2.1 -57,441 ,000
7 2.1 -52,679 ,000
4 2 -3,293 1,000
5 2.1 -8,380 ,807
’ 6 2.1 -14,600 ,008
7 2.1 -9,838 ,370
5 2.1 -5,087 1,000
4 6 2.1 -11,307 ,146
7 2.1 -6,545 1,000
6 2.1 -6,220 1,000
i 7 2.1 -1,458 1,000
6 7 2.1 4,762 1,000

Table 13: Yield ANOVA outputs for program assignment comparison in PSP Fund/Adv
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PSP I/11
Program Program | PSP Mean Sig.
Assignment Assignment | Level | difference
@ (0)) d-J)

2 0.1 2,009 1,000
3 1 5,105 1,000
4 1.1 5,367 1,000

1 5 2 -46,287 ,000
6 2.1 -50,577 ,000

7 2.1 -50,972 ,000
3 1 3,096 1,000
4 1.1 3,359 1,000

2 5 2 -48,296 ,000
6 2.1 -52,586 ,000

7 2.1 -52,980 ,000
4 1.1 ,263 1,000

5 2 -51,392 ,000

’ 6 2.1 -55,682 ,000
7 2.1 -56,076 ,000

5 2 -51,654 ,000

4 6 2.1 -55,944 ,000
7 2.1 -56,339 ,000
6 2.1 -4,290 1,000
: 7 2.1 -4,685 1,000
6 7 2.1 -,394 1,000

Table 14: Yield ANOVA outputs for program assignment comparison in PSP I/l

When we analyze the results at Table 13 and Table 14, we should look at the
values that are lower or equal than 0.05 in the significance column. In the PSP
Fund/Adv course we found that there are significant differences between Program 1 and
Programs 3, 4, 5, 6, 7. That means that HO is rejected and the Yield means in the PSP
Fund/Adv course are significantly different between Program 2 and Program 3,4,5.,6
and 7. In PSP Fund/Adv Program 1 is completed following the PSPO script, Program 3
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and 4 are completed following the PSP 2 script, and Program 5 to 7 are completed
following the PSP2.1 script. So, we interpret that this shows improvements between
PSPO and PSP 2 or PSP2.1 (depending on which assignment). Exactly the same happens
between Program 2 and all the next assignments. In this course, Program 2 is completed
following the PSP1 script, se we interpret that this shows improvements between PSP1
and PSP 2 or PSP2.1. We also found that there is significant difference between
Program 3 and Programs 6, so we consider that this shows improvements between PSP2
and PSP2.1.

In the PSP I/II Adv course we found that there is significant difference between
Program 1 and Program 5, 6, 7. Exactly the same happens between Program 2 and 5, 6,
7; between Program 3 and 5, 6, 7; and between Program 4 and all the next assignments.
In PSP I/II course, Program 1 and 2 are completed following PSP0; Program 3 and 4 are
completed following PSP1; Program 5 following PSP 2; Program 6 and 7 are completed
following PSP2. We interpret all this significant differences as improvements between
PSPO and PSP 2, PSP0 and PSP2.1, PSP1 and PSP 2, PSP1 and PSP2.1.

As a summary of this step, we can say that for each course we only found
significant difference between assignments with different PSP level, and we did not find
significant difference in process yield between PSPO and PSP1. According to the design
and code review introduction in PSP level 2 these improvements were expected.

Figure 20 shows the estimated marginal means of Yield vs. program number, for
both courses. The graphic shows how the two courses have low yield during
assignments with PSP level O or 1, then an important increment on yield on the first
PSP2 introduction.
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Figure 20: Estimated marginal means of Yield vs. program number, for PSP Fund/Adv
and PSP I/I1

In the third and last step looks at each course separately again, and tries to find

out if the process yield differences between the PSP levels are happening when the
design and code reviews are in fact introduced. If there are significant changes between
PSP levels where these techniques are introduced, this will be showing that the design

and code reviews are the factor affecting the engineers’ performance and not the

program repetition.

So, in the third step, a two-way ANOVA is applied, to find out if it is possible to
state that Yield for PSP level v in course version Z is different from Yield for PSP level
w in course version Z with statistical validity, for each PSP levels v, w where v<>w and
v, w belongs to {PSPO0, PSP1, PSP2, PSP2.1}; and Z belongs to {PSP Fund/Adv, PSP
I/I1}. Yield is the dependent variable and PSP level and course type are the factors. The

null hypothesis HO states the means are the same; the alternative hypothesis states that

they are different.
HO : pYieldy, z= pYieldw, z

H1: pYieldy, z <> pYieldw, z

Where v and w refers to all the PSP levels, PSPO, PSP1, PSP2 and PSP2.1; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/II.

Looking at the two-way ANOVA results, in both courses we find out that there
is significant difference between PSP0O and PSP2, PSP2.1. We also found that there is

significant difference between PSP1 and PSP2, PSP2.1.
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Figure 21 shows the 95% confidence intervals of Yield for each PSP level, for

both courses.
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Figure 21: 95% Confidence interval of Yield for each PSP level in PSP Fund/Adv and

PSP /11

Looking at both courses together results show that:

PSP2 was a factor of 1.72 more effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [39.46, 51.90].

PSP2 was a factor of 1.82 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [41.71, 54.23].

PSP2.1 was a factor of 1,83 more effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [47.09, 58.07].

PSP2.1 was a factor of 1.92 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [49.34, 60.41].

PSP2.1 was a factor of 0.23 more effective than PSP2 at an alpha level of
0.05 with a confidence range of the differences of [1.24, 12.57].

The term “more effective”, in this study means that the yield is improved.

5.2 Threats to validity and limitations

The normality assumption for ANOVA could not be satisfied with raw data.
That is why we performed transformations on the original data and replicated the
analyses with the transformed scores. When the statistical results derived from the
transformed variables are consistent with those of the raw variables (and the plot of
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residuals indicates a more nearly normal distribution), we can be confident that the lack
of normality is not leading us astray.

The yield values for PSP levels 0 and 1 were consistently low, and only during
PSP level 2 did they begin to more fully reflect the entire range of possible values. This
presents us with two highly skewed distributions (PSP levels 0 and 1) and one fairly
symmetrical distribution (PSP level 2 and 3). We are hard-pressed to devise a single
transformation that can be applied to all of these distributions in order to make them all
more normal simultaneously. Examination of the normal probability plots with the
residuals from the ANOVA confirmed that the distribution for PSP level 2 and 3 is
fairly normal in form, whereas the distributions for PSP levels 0 and 1 are grossly non-
normal.

Given this condition, we rely on a nonparametric alternative to the repeated
measures ANOVA to perform the confirmatory analysis. Results test indicate
statistically significant ordered differences in yield from PSP level to PSP level. This
analysis confirms the statistically significant increase in yield found in our study.

5.3 Conclusions

In this analysis we considered the work of 217 software engineers, who during
PSP work, developed 7 or 8 programs, depending on the course version. Each subject
took the complete PSP course, either PSP for Engineers I and II or PSP Fundamentals
and Advance. We analyzed the data collected by each student to determine whether the
introduction of design and code reviews improve the engineer’s yield or if such
improvement is only a consequence of gaining experience in the problem domain.

Both courses appear to be effective in demonstrating that the introduction and
application of design and code reviews improve the engineer’s yield value in a very
significant way.

Early defect removal is one of the most economical ways to improve the quality
of delivered software products. Preventing unplanned rework from occurring in the final
stages of a software project allows more complete testing and assurance that the product
will function as expected when it is delivered.

6. Production Rate

This section presents the analysis, results, threats to validity and conclusions
related to the study of the performance of the engineers regarding production rate.

6.1 Analyses and Results

This subsection presents in detail each step of the descriptive and the statistical
analysis, discussing the results of each step.

6.1.1 Descriptive Statistics

The objective is to demonstrate that as engineers progress through the PSP
training, there is no real substantive gain or loss in production rate. That is, the number
of lines of code designed, written, and tested, per hour spent does not change with a
higher PSP level.
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But, if there is gain or loss in production rate, we want to demonstrate whether
the changes are due to the introduced process or if such changes are only a consequence
of gaining experience in the problem domain.

We define production rate, our dependent variable, as follows:

Production Rate = (Actual A&M LOC / Actual Minutes) * 60

As we said earlier, after the data quality process our data set was reduced to 160
subjects in total, 82 from the PSP Fund/Adv course and 78 from the PSPI/II course. The
descriptive statistics for the dependent variable are displayed in Table 15.

N Min Max Media St. dev.
Production rate 1120 51 229,18 37,6795| 26,97612

Table 15: Descriptive statistics of Production rate

The independent variables are:

e (Course Type — It can be PSP Fund/Adv (labeled by “1” in plots) or
PSPVII (labeled by “27).

e Program Assignment — It canbe 1, 2, 3,4, 5,6, 7

e PSP Level — It can be 0 (PSP0.1), 1 (PSP1.0 and 1.1), 2 (PSP2) or 3
(PSP2.1)

In Table 15, the number of samples N is the sum of the assignments’ samples
considered for each student of both courses. N =82 * 7+ 78 * 6 = 1866. The minimum
and maximum values, the media and the standard deviation are also shown.

Figure 22 shows a box and whisker chart of Production rate grouped by course
type and PSP level. Figure 23 shows a bar-whisker chart of Production rate too, but in
this case grouped by course type and program assignment.
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Figure 22: Bar-whisker chart of Production rate for each PSP level, for both courses
PSP Fund/Adv and PSP I/I]
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Figure 23: Bar-whisker chart of Production rate for each program assignment, for both
courses PSP Fund/Adv and PSP I/I1

6.1.2 Three Step Approach Analysis

To complete the statistical analysis, we must follow the three step analysis
procedure that was explained in the Section 2.1.

The first step tries to find out whether there are differences between the two
courses by comparing the production rate for each program assignment. And we made
this comparison for all the program assignments. If there is no statistically significant
difference, that means that the production rate in the same program assignment of both
courses is not changing. However, in the courses each program assignment has different
PSP level. So, it seems that the changes in the PSP levels are not affecting the
production rate changes. In this case, if any changes in the production rate existed
through the exercises, then the exercise repetition and domain learning would be the
root causes of the changes. On the other hand, when we find differences, we should
move forward to the second step in order to find if the PSP level could be the root cause
of the changes.

So we applied a set of parametric tests of ANOVA, one for each program
number, to find out if it is possible to state that Production rate for program assignment
x in PSP Fund/Adv course version is different from Production rate for the same
program assignment x in PSP I/II with statistical validity. ProductionRate is the
dependent variable and course type is the factor. The null hypothesis HO states the
means are the same; the alternative hypothesis states that they are different.

HOx : pProductionRatex, psp r/a = pProductionRatex, psp yu
Hl1x: pProductionRatey, psp /a <> pProductionRatey, psp yn
Where the x refers the program assignment numbers, which go from 1 to 7.

As at least one test where the PSP level of the program number is different in
both courses rejects HO with o < 0.05, we proceed to the next step.
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The second step look each course separately, and tries to find out if the
production rate differences between the course programs assignments are happening
when the PSP level has changed or if the differences are happening even when the PSP
level has no changed between two assignments. If there are significant changes between
programs assignments with the same PSP level, this can lead us to think that the effects
on the production rate are due to the repetition of exercises and not due to the process
changes. Otherwise, if the significant changes are only between programs assignments
with different PSP level, then we must study (in the third step) the behavior of the
production rate through the PSP levels, when grouping the program assignments by PSP
level.

So, for this second step a one-way ANOVA for repeated measures was applied
for each course version, to find out if it is possible to state that Production rate for
program assignment x in course version Z is different from Production rate for program
assignment y in course version Z with statistical validity, for each program assignment
X, y where x<y; and Z= belongs to {PSP Fund/Adv, PSP I/II}. ProductionRate is the
dependent variable, and program is the factor. The null hypothesis HO states the means
are the same; the alternative hypothesis states that they are different.

HO : pProductionRatex, z= pProductionRatey, 7
H1 : pProductionRatex, z <> puProductionRatey, z

Where x and y refer to all the program assignment numbers, which go from 1 to
7, where x<y; and Z refers to one of both of the courses version, PSP Fund/Adv and
PSP /1L

Table 16 and Table 17 summarize the ANOVA discussed above for this step for
the courses PSP Fund/Adv and PSP /Il respectively.

PSP Fund/Adv
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
) (0)) d-J)

2 1 13,069 ,041

3 2 14,573 ,012

4 2 13,645 ,026

1 5 2.1 26,457 ,000

6 2.1 25,336 ,000

7 2.1 20,185 ,000
3 2 1,503 1,000
4 2 ,576 1,000

? 5 2.1 13,388 ,032

6 2.1 12,266 ,076
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7 2.1 7,116 1,000
4 2 -,927 1,000

5 2.1 11,884 ,101

’ 6 2.1 10,763 ,222
7 2.1 5,612 1,000

5 2.1 12,812 ,050

4 6 2.1 11,690 ,116
7 2.1 6,540 1,000
6 2.1 -1,122 1,000
i 7 2.1 -6,272 1,000
6 7 2.1 -5,150 1,000

Table 16: Production rate ANOVA outputs for program assignment comparison in PSP
Fund/Adv
PSP I/11
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
) (0)) I-J)

2 0.1 10,534 ,118

3 1 9,635 ,236
4 1.1 7,396 1,000

1 5 2 20,915 ,000

6 2.1 32,864 ,000

7 2.1 26,162 ,000
3 1 -,899 1,000
4 1.1 -3,138 1,000

2 5 2 10,381 ,133

6 2.1 22,330 ,000

7 2.1 15,628 ,001
4 1.1 -2,238 1,000

’ 5 2 11,280 ,064
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6 2.1 23,229 ,000
7 2.1 16,527 ,000
5 2 13,518 ,008
4 6 2.1 25,468 ,000
7 2.1 18,766 ,000
6 2.1 11,949 ,036
’ 7 2.1 5,247 1,000
6 7 2.1 -6,702 1,000

Table 17: Production rate ANOVA outputs for program assignment comparison in PSP
il

When we analyze the results at Table 16 and Table 17, we should look at the
values that are lower or equal than 0.05 in the significance column. In the PSP
Fund/Adv course we found that there is significant difference between Program 1 and
Programs 2, 3, 4, 5, 6, 7. According to the PSP levels followed to complete each
assignment, we interpret that this shows loss of production rate between PSP0 and
PSP1, PSP 2 or PSP2.1 (depending on which assignment). We also found that there is
significant difference between Program 2 and Programs 5, and between Program 4 and
Program 5. We interpret that this shows loss of production rate between PSP1 and
PSP2.1, and between PSP2 and PSP2.1.

In the PSP I/II Adv course we found that there is significant difference between
Program 1 and Program 5, 6, 7. According to the PSP levels followed to complete each
assignment, these are consistent loss of production rate between PSP0 and PSP 2 or
PSP2.1 (depending on which assignment). We found that there is significant difference
between Program 2 and Program 6, 7. These are consistent with deterioration between
PSPO and PSP2.1. We also see same behavior between program 3 and Program 6, 7.
These reflect deterioration between PSP1 and PSP2.1. We also found that there is
significant difference between Program 4 and Program 5, 6, 7. These are consistent with
deterioration between PSP1 and PSP2 or PSP2.1. Finally we found significance
between Program 5 and Program 6. These are consistent with deterioration between
PSP2 and PSP2.1.

As a summary of this step, we can say that for each course we only found
significant difference between assignments with different PSP level. There is a
deterioration of production rate as engineer’s move forward in the PSP level.

Figure 24 shows the estimated marginal means of Production rate vs. program
number, for both courses. The graphic shows how engineer’s production rate evolves
during the complete courses.
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Figure 24: Estimated marginal means of Production Rate vs. program number, for PSP
Fund/Adv and PSP I/I1

In the third and last step looks at each course separately again, and tries to find
out if the production rate differences between the PSP levels are happening when
changes in the PSP levels are happening. If there are significant changes between
different PSP levels, this will be showing that the process changes are the factor
affecting the engineers’ performance and not the program repetition.

So, in the third step, a two-way ANOVA is applied, to find out if it is possible to
state that Production rate for PSP level v in course version Z is different from
Production rate for PSP level w in course version Z with statistical validity, for each
PSP levels v, w where v<>w and v, w belongs to {PSP0, PSP1, PSP2, PSP2.1}; and Z
belongs to {PSP Fund/Adv, PSP I/II}. ProductionRate is the dependent variable, and
PSP level and course type are the factors. The null hypothesis HO states the means are
the same; the alternative hypothesis states that they are different.

HO : pProductionRatey, 7= pProductionRatew, z
H1 : pProductionRatey, z <> pProductionRatey, z

Where v and w refers to all the PSP levels, PSP0O, PSP1, PSP2 and PSP2.1; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/IL.

Looking at the two-way ANOVA results without course discrimination, we find
out that there is significant difference between each PSP level compared in pairs.

Figure 25 shows the 95% confidence intervals of Production rate for each PSP
level, considering both courses together.
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Figure 25: 95% Confidence interval of Production rate for each PSP level

Looking at both courses together results show that:

PSP1 was a factor of 0.23 less effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [1.68, 14.64].

PSP2 was a factor of 0.42 less effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [8.37, 21.39].

PSP2.1 was a factor of 0.72 less effective than PSPO at an alpha level of
0.05 with a confidence range of the differences of [18.39, 29.85].

PSP2 was a factor of 0.22 less effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [0.21, 13.23].

PSP2.1 was a factor of 0.70 less effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [10.23, 21.69].

PSP2.1 was a factor of 0.44 less effective than PSP2 at an alpha level of
0.05 with a confidence range of the differences of [3.48, 15.00].

6.2 Threats to validity and limitations

The normality assumption for ANOVA could not be fully satisfied. The

distributions of production rate for each PSP level show moderate positive skew. Again,
this type of distribution is to be expected, given the source of the data. There can never
be a production rate value of zero, since that would translate to zero lines of code per
hour. While vast differences in individual production rate exist among engineers, the
number of very high production rate values expected (versus very low) is relatively
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small. Therefore, we see many engineers reporting moderate to low values of
production rate, and a few engineers reporting relatively high values of production rate.
This type of “non-normality” is often treated with a square-root transformation. The
normal probability plots of residuals for the original analysis (using “raw” values of
production rate) indicated a departure from normality, so the confirmatory analysis was
carried out with square root-transformed production rate values. Examination of the
normal probability plots (from the analysis of transformed data) confirmed that the
transformation did, in fact, result in more nearly normal distributions of residuals.

6.3 Conclusions

In this analysis we considered the work of 160 software engineers, who during
PSP work, developed 7 or 8 programs, depending on the course version. Each subject
took the complete PSP course, either PSP for Engineers I and II or PSP Fundamentals
and Advance. We analyzed the data collected by each student in order to see how
production rate evolves during the courses.

Despite of what we expected, both courses appear to be effective in
demonstrating that the increments in the amount of design documentation and data
tracking proposed by the PSP deteriorates the production rate during the PSP course.
This is an important result that suggests further study or design of the courses.

With these results, we can see the production rate deterioration up to unit testing
phase. However, we still need to know what happens after that. That is, how PSP
impacts production rate in integration and system test phases (stages that are not
included in PSP). We think that this would be an interesting investigation line to be
considered as a future work. That is, evaluate the whole PSP application effects in the
next stages of the software development process.

7. Size Estimation Accuracy

This section presents the analysis, results, threats to validity and conclusions
related to the study of the performance of the engineers regarding the accuracy of the
size estimation.

7.1 Analyses and Results

This subsection presents in detail each step of the descriptive and the statistical
analysis, discussing the results of each step.

7.1.1 Descriptive Statistics

The objective is to demonstrate whether the introduction of a formal estimation
technique for size in PSP level 1 improves the accuracy of engineers’ size estimates, or
if such improvement is only a consequence of gaining experience in the problem
domain.

We define size estimation accuracy, our dependent variable, as follows:

Size Estimation Accuracy = (Estimated LOC - Actual LOC)/Estimated LOC
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As we said earlier, after the data quality process our data set was reduced to 311
subjects in total, 148 from the PSP Fund/Adv course and 163 from the PSPI/II course.
The descriptive statistics for the dependent variable are displayed in Table 18.

N Min Max Media | St. dev.

Size Estimation

A 1866 ,000 3,000]0,4,6684  ,495140
ccuracy

Table 18: Descriptive statistics of Size Estimation Accuracy

As in PSPO0, no size estimation value is requested to the student, the first
assignment data of each course could not be included in this study. So, the independent
variables are:

e Course Type — It can be PSP Fund/Adv (labeled by “1” in plots) or
PSPU/II (labeled by “27).

e Program Assignment — It can be 2, 3,4, 5, 6, 7

e PSP Level — It can be 0 (PSP0.1), 1 (PSP1.0 and 1.1), 2 (PSP2) or 3
(PSP2.1)

In Table 18, the number of samples N is the sum of the assignments’ samples
considered for each student of both courses. N =148 * 6 + 163 * 6 = 1866. The
minimum and maximum values, the media and the standard deviation are also shown.

The first inconvenient that we found, is that in PSP Fund/Adv we cannot
compare PSP1 to something previous, as there is not a previous assignment with a size
estimation calculus done by the student. We can analyze the evolution of the rest of the
course, but not specifically the PSP1 introduction.

In order to get a clearer idea of the group trends we can take a look to some
histograms. The distributions shown in Figure 26 illustrate the performance of
engineers’ size estimation for the three PSP levels, for both courses. The values plotted
were derived by summing the data for the assignments in each PSP level and computing
the estimation accuracy value by calculating (Estimated LOC - Actual LOC) / Estimated
LOC. The distributions shown in Figure 27 illustrate the performance of engineers’ size
estimation for each program assignment, from 2 to 7, for both courses.

With respect to the performance of the group by PSP level, the distributions in
Figure 26 show a general reduction in the distance from zero for the values of size
estimation accuracy. The long ‘tail” of the distribution PSP1 panel is considerably
shortened by the lasts panel, which represents PSP level 2 and 2.1. In addition, the
distribution appears to be more symmetrically spread around zero in the lasts panels.
These observations are not so clear when viewing distributions when program number
increases.

Improvement in accuracy for any given engineer (as opposite to group trends as
shown in the figures mentioned above) could be seen in two different ways. First, the
absolute distance of the estimation accuracy metric from zero would be reduced.
Second, over the course of several assignments, both overestimates and underestimates
would be seen. This is in contrast to a pattern of consistent underestimating (or
overestimating).
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Figure 26. Distributions grouped by PSP level, for each course
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Figure 27: Distributions grouped by Program Number, for each course

Regarding to this group trends descriptive observations, we think that we have
an important threat to validity, as when we summarized the data, we do not have the
same amount of assignments considered on each level. For PSP Fund/Adv, there is only
one assignment in PSP 1, two assignments in PSP 2 and three assignments in PSP 2.1.
And for PSP I/, there is one assignment in PSP 0, two assignments in PSP 1, one
assignment in PSP 2, and three assignments in PSP2.1. So, we do not give an
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opportunity to PSPO and PSP1 to compensate their mistake among various programs.
The PROBE method works by doing compensation by itself. So, it is expected that the
individual will be ovestimating and underestimating. But, as there only one sample in
one level, that level is not having the opportunity of the compensation.

Now that we have a general idea of the group trends, we move forward to the
individual analysis of the size estimation accuracy. What we expect is that in the
individual behavior, each student became to oscillate nearer to 0 after proxy technique is
introduced, something similar to Figure 28.

100.0%

50.0%
0.0%
-50.0%

-100.0%

-150.0%

-200.0%

-220.0% 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9
Figure 28: Example of size estimation accuracy evolution for one engineer

The ANOVA works as one would want and expect when the trend is always in
the same direction, but not if some are overestimating and others underestimating. So it
is necessary to define a new dependent variable that is the absolute value of size
estimation accuracy: ABS ((Estimated LOC - Actual LOC)/Estimated LOC)

As that variable is not normal, we tried to normalize with a log-transform. Even
the normality assumption could not be fully satisfied; this new variable is clearly near to
a normal variable.

It is important to clarify that when Estimated LOC=Actual LOC, this variable is
not defined on this point. That is the reason for adding a constant value of 0.5 before the
log-transformation.

So, our new dependent variable is:
LN(ABS(SEA)) = LN( ABS (Estimated LOC - Actual LOC +0,5)/Estimated LOC )

Basically, we did the following:

e Prior to transformation, added a constant of 0.5 to everything. This will
not alter the shapes or the slopes.

e Log-transformed the data. Now have no infinities at zero.
e Performed the fits
e Untransformed the data

e Subtracted the constant from the mean to calculate the effect size and the
confidence intervals.
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Figure 29 shows a box and whisker chart of LN(ABS(SEA)) grouped by course
type and PSP level. Figure 30 shows a box and whisker chart of LN(ABS(SEA)) too,
but in this case grouped by course type and program assignment.
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Figure 29: Box and whisker chart of ABS(SEA) for each PSP level, for both courses
PSP Fund/Adv and PSP I/I]

94



Chapter 5. Data Analysis

Frogram
10 Murmber
o 146 1566
3,000 i 39 1322 ‘ H:
B |_E
- 1777 s
&7 1785 B
7o0 251 1640 1475 e
&
474 583 580 g42 ® 1455 gg -
) 8 * 15201437 1307 450 -
& 1291 @ 024
el & Taoad 443 .
5 G41 1114 T o1sy
8 774 1531 g15gosn |72 Pk
<L 2000 7 - 14057ggq® ©° 1710338, 10
c - 745 * 154511533106
8 Rordd BEE S ¥ 1205 1844
o} 194 866 291353
= 87 5o 394 1628 117
E= W E5 o 1445
) ] 1779
W . P :569 16670 @
E 704 52-53 234@ “ 1363 174g115§ 1740
208 373 1200
- 320 | " gaos 581 [240 1 I <"
& 1,000 5 ose®
= 570
fulaly T I
1 2
CourseTypeCod

Figure 30: Box and whisker chart of LN(ABS(SEA)) for each program assignment, for
both courses PSP Fund/Adv and PSP I/Il

7.1.2 Three Step Approach Analysis

To complete the statistical analysis, we must follow the three step analysis
procedure that was explained in the Section 2.1.

The first step tries to find out whether there are differences between the two
courses by comparing the LN(ABS(SEA)) for each program assignment. If there is no
statistically significant difference, that means that the size estimation accuracy in the
same program assignment of both courses is not changing. However, in the courses each
program assignment has different PSP level. So, it seems that the changes in the PSP
levels are not affecting the dependent variable changes. In this case, if any changes in
the size estimation accuracy existed through the exercises, then the exercise repetition
and domain learning would be the root causes of the changes. On the other hand, when
we find differences, we should move forward to the second step in order to find if the
PSP level could be the root cause of the changes.

So we applied a set of parametric tests of ANOVA, one for each program
number, to find out if it is possible to state that LN(ABS(SEA)) for program assignment
x in PSP Fund/Adv course version is different from LN(ABS(SEA)) for the same
program assignment x in PSP I/II with statistical validity. LN(ABS(SEA)) is the
dependent variable and course type is the factor. The null hypothesis HO states the
means are the same; the alternative hypothesis states that they are different.

HOx : LLN(ABS(SEA))x, psp r/a = LLN(ABS(SEA))x, psp 111
Hlx: uLN(ABS(SEA))x, psp r/a <> WLLN(ABS(SEA))x, psp 111

Where the x refers the program assignment numbers, which go from 2 to 7.
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As at least one test where the PSP level of the program number is different in
both courses rejects HO with a < 0.05, we proceed to the next step.

The second step look each course separately, and tries to find out if the size
estimation accuracy differences between the course programs assignments are
happening when the PSP level has changed or if the differences are happening even
when the PSP level has no changed between two assignments. If there are significant
changes between programs assignments with the same PSP level, this can lead us to
think that the effects on the LN(ABS(SEA)) are due to the repetition of exercises and
not due to the estimation technique introduction. Otherwise, if the significant changes
are only between programs assignments with different PSP level, then we must study
(in the third step) the behavior of the size estimation accuracy through the PSP levels,
when grouping the program assignments by PSP level.

So, for this second step a one-way ANOVA for repeated measures was applied
for each course version, to find out if it is possible to state that LN(ABS(SEA)) for
program assignment x in course version Z is different from LN(ABS(SEA)) for
program assignment y in course version Z with statistical validity, for each program
assignment X, y where x<y; and Z= belongs to {PSP Fund/Adv, PSP I/I1}.
LN(ABS(SEA)) is the dependent variable, and program assignment is the factor. The
null hypothesis HO states the means are the same; the alternative hypothesis states that
they are different.

HO : nLN(ABS(SEA))x, 2= nLN(ABS(SEA))y.
H1: uLN(ABS(SEA)), z <> uLN(ABS(SEA))y, 7

Where x and y refer to all the program assignment numbers, which go from 2 to
7, where x<y; and Z refers to one of both of the courses version, PSP Fund/Adv and
PSP I/IL

Table 19 and Table 20 summarize the ANOVA discussed above for this step for
the courses PSP Fund/Adv and PSP /Il respectively.

PSP Fund/Adv
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
) (0)) d-J)
3 2 ,233 1,000
4 2 311 ,352
2 5 2.1 ,606 ,000
6 2.1 ,216 1,000
7 2.1 ,505 ,003
4 2 ,078 1,000
3 5 2.1 ,373 ,102
6 2.1 -,017 1,000
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7 2.1 ,271 ,718

5 2.1 ,295 ,480
4 6 2.1 -,094 1,000
7 2.1 ,194 1,000

6 2.1 -,390 ,069
i 7 2.1 -,102 1,000

6 7 2.1 ,288 ,532

Table 19: LN(ABS(SEA)) ANOVA outputs for program assignment comparison in PSP
Fund/Adv
PSP I/11
Program Program PSP Mean Sig.
Assignment Assignment | Level | difference
) (0)) d-J)

3 1 -,156 ,853

4 1.1 -,096 ,980

2 5 2 ,299 ,225
6 2.1 ,007 1,000

7 2.1 ,322 ,157

4 1.1 ,059 ,998

5 2 ,456 ,009

’ 6 2.1 ,164 ,827

7 2.1 ,478 ,005

5 2 ,396 ,039

4 6 2.1 ,104 972

7 2.1 ,419 ,023

6 2.1 -,291 ,251
: 7 2.1 ,022 1,000

6 7 2.1 ,314 ,178

Table 20: LN(ABS(SEA)) ANOVA outputs for program assignment comparison in PSP
il
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When we analyze the results at Table 19 and Table 20, we should look at the
values that are lower or equal than 0.05 in the significance column. In the PSP
Fund/Adv course we found that there is only significance between Program 2 and
Programs 5, 7. That means that HO is rejected and the LN(ABS(SEA)) means in the PSP
Fund/Adv course are significantly different between Program 2 and Program 5, and also
are significantly different between Program 2 and Program 7. In PSP Fund/Adv
Program 2 is completed following the PSP1 script and Program 5 and 7 are completed
following the PSP 2.1 script. So, we interpret that this changes in the means shows
improvements between PSP1 and PSP2.1.

In the PSP I/II Adv course we found that there is significant difference between
Program 3 and Program 5, 7. And we also found that there is significant difference
between Program 4 and Program 5, 7. That means that HO is rejected and the
LN(ABS(SEA)) means in the PSP I/II course are significantly different between
Program 3 and Program 5, between Program 3 and Program 7, between Program 4 and
Program 5 and also between Program 4 and Program 7. In PSP I/II Program 3 and 4 are
completed following the PSP1 script, Program 5 is completed following the PSP2 script
and Program 7 is completed following the PSP 2.1 script. So, these significant changes
are consistent with improvements between PSP1 and PSP 2, and between PSP1 and
PSP2.1 (depending on which assignment).

As a summary of this step, we can say that for each course we only found
significant difference between assignments with different PSP level. According to the
PROBE technique introduced, which is based on engineer historical data, these
improvements were expected.

Figure 31 shows the estimated marginal means of ABS(SEA) vs. program
number, for both courses. The graphic shows how the two courses perform differently,
even we cannot see the specific effect of the introduction of the size estimation
technique in PSP Fund/Adv course. Remember that in PSP Fund/Adv we cannot
compare PSP1 to something previous, as there is not a previous assignment with a size
estimation calculus done by the student. We can see the evolution of the rest of the
course, but not specifically the PSP1 introduction. In this graphic of the estimated
marginal means, the size estimation accuracy appears to be more consistent by the end
of the courses.
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Medias marginales estimadas de abs Size Estimation Accuracy
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Figure 31: Estimated marginal means of ABS(SEA) vs. program number, for PSP
Fund/Adv and PSP I/Il

In the third and last step looks at each course separately again, and tries to find
out if the size estimation accuracy differences between the PSP levels are happening
when the PROBE method is in fact introduced. If there are significant changes between
PSP levels where the PROBE is introduced, this will be showing that the introduced
estimation technique is the factor affecting the engineers’ performance and not the
program repetition.

So, in the third step, a two-way ANOVA is applied, to find out if it is possible to
state that LN(ABS(SEA)) for PSP level v in course version Z is different from
LN(ABS(SEA)) for PSP level w in course version Z with statistical validity, for each
PSP levels v, w where v<>w and v, w belongs to {PSP0, PSP1, PSP2, PSP2.1}; and Z
belongs to {PSP Fund/Adv, PSP I/Il}. LN(ABS(SEA)) is the dependent variable, and
PSP level and course type are the factors. The null hypothesis HO states the means are
the same; the alternative hypothesis states that they are different.

HO : nLN(ABS(SEA))y, 2= nLN(ABS(SEA))w, z
H1: uLN(ABS(SEA))y, 7 <> uLN(ABS(SEA))v, z

Where v and w refers to all the PSP levels, PSP0O, PSP1, PSP2 and PSP2.1; and
Z refers to one of both of the courses version, PSP Fund/Adv and PSP I/IL.

Looking at the two-way ANOVA results, in the PSP Fund/Adv course we found
that there is significant difference between PSP1 and PSP2.1. But as we do not have
assignments with PSP0, we cannot study the effects of introduction of PSP1.
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Regarding to the two-way ANOVA results for the PSP I/II course, we found that
there is significant difference between PSP1 and PSP2, PSP2.1.

Figure 32 shows the 95% confidence intervals of absolute value of size
estimation accuracy for each PSP level, for both courses.
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Figure 32: 95% Confidence interval of ABS(SEA) for each PSP level in PSP Fund/Adv
and PSP I/I1

Looking at both courses together results show that:

e PSP2 was a factor of 2.29 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [1.07, 1.60].

e PSP2.1 was a factor of 2.65 more effective than PSP1 at an alpha level of
0.05 with a confidence range of the differences of [1.16, 1.66].

The term “more effective”, in this study means that the size estimation accuracy
is improved.

As a summary of this step, we can say that there is significant difference
between PSP1 and PSP2, and also between PSP1 and PSP2.1.

The lack of significance between PSP0 and all others PSP levels in PSP I/II may
be because:

e There is only one exercise on PSPO that can be analyzed, the difference
is too small to resolve (power of the sample)

e The log-transformation hides the results (transforming those zeros will
reduce the effect)
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e There is no difference

With these results, we do not really see directly that the introduction of the
estimation technique improves the size estimation accuracy, because in PSP2 and
PSP2.1 are introduced the design and code reviews and design templates, not the
estimation’ techniques. Here we can say that introduction of reviews and the use of
design templates is correlated with the size estimation accuracy improvement. But we
are not able to see if there is a relationship between the introduction of the estimation
technique and the accuracy of engineers’ size estimates. Here we should remember that
the introduction of the templates occurs after the estimate was made.

An interesting point here is that PSP 2 coincides with the stage at which we have
enough historic data to use PROBE A. For size, this occurs on exercise 4 in PSP
Fund/Adv and on exercise 5 in PSP I/II. Just estimating smaller parts does not seem to
help much immediately, but there does seem to be a correlation across courses with
sufficient data to use PROBE A. This could be experience, or it could be the PROBE A
estimator.

It is important to remember that the estimation technique introduced in the PSP
courses is based on historical data and needs repetition, so it is really hard to see with
the available data that the improvements are due to the technique or due to the exercise
repetition.

7.1.3 Complementary Analysis by PROBE method

In order to get a clearer idea of the relationship between the estimation
techniques introduction and the size estimation accuracy, we propose to analyze the data
in a different way. Not looking at the PSP level, but looking at the specific PROBE
method that is applied in each assignment.

To do this, we execute again the third step of the indirect analysis method, but
this time reorganizing the student data by PROBE method (A, B, C or D). So, we group
the students by PROBE method by calculating the average of the LN(ABS(SEA)) for
each student and for each PROBE method. Then we run the two-way repeated measures
ANOVA grouping by PROBE method (instead of PSP level) and course type. Figure 33
shows the 95% confidence intervals of the absolute value of size estimation accuracy
for each PROBE method, for both courses together.
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Figure 33: 95% Confidence interval of ABS(SEA) for each PROBE method. In the x-
axis (PROBE SizeCode label) values 1, 2, 3 and 4 represent PROBE D, C, B and A
respectively.

If we look in detail of all the students together, without doing discrimination by
the course they took, we got that:

e PROBE B was a factor of 2.84 more effective than PROBE D at an alpha
level of 0.05 with a confidence range of the differences of [1.04, 1.94].

e PROBE A was a factor of 2.32 more effective than PROBE D at an alpha
level of 0.05 with a confidence range of the differences of [1.06, 1.75].

e PROBE B was a factor of 2.49 more effective than PROBE C at an alpha
level of 0.05 with a confidence range of the differences of [1.00, 1.79].

e PROBE A was a factor of 1.95 more effective than PROBE C at an alpha
level of 0.05 with a confidence range of the differences of [1.03, 1.60].

Again, the term “more effective” in this study means that the size estimation
accuracy is improved. Results are different in each course and they are also different
when we see them globally, without course discrimination. This can be explained by the
power of the sample.

With the available data it is very difficult to separate the possible causes of size
estimation improvement: the introduction of the formal estimation technique and the
experience in the problem domain. With the presented results it is clear that data shows
and support the hypothesis that the engineer’s size estimates improves. But we cannot
determine if the introduction of the size estimation technique is the main reason of that
improvement because:

e Regression (PROBE A and B) cannot be applied until there are a
minimum of three historic points
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e [t takes accumulated data for the size estimation technique to become
effective

e The estimation process take multiple repetitions to stabilize

e The estimation technique is not just one technique. In fact, it is a_package
of three different methods, and student varies it application during the
course

e The PSP level introduction on the last two courses is not the optimal to
study this hypothesis

Again, repetition is necessary, and with the available data and results, we are not
really able to conclude about the main reason of the improvements.

7.1.4 Another Descriptive Approach Proposal

In order to do a more complete analysis of this particular hypothesis, we decided
to complement this study by showing the same data but in a different descriptive way.

This new descriptive approach consists on aggregating the data for each student
and for each PROBE method to make a pair by pair comparison between each PROBE
method. Having these results for each pair comparison by student, we will be able to see
for example the percentage of students that produce better estimation using PROBE X
than using PROBE Y, the percentage that produce worse estimations, and the
percentage that suffers no changes at all. We will also be able to see if the subjects that
improved are having a big improvement or not, and if the subjects that have not
improved have worsened slightly or not.

For this approach, we must define a few variables. From now on, we are going
to call SEAx to the size estimation accuracy of a student when using the PROBE
method X.

So, given any two PROBE methods, X and Y that we want to compare, we call
division of the accuracy of the size estimation (divExy) to:

e SEAx/SEAy, when SEAx s greater than SEAy
e -SEAvy/SEAx, otherwise

This term, division of the accuracy of the size estimation, calculates the
percentage of reduction in the size estimation error from one PROBE method to another
(or the percentage of increase, depending on the sign).

In addition, as a rule of thumb we define that:

e the subject “improved” when there is a reduction of 10% or more
(divExy <-1.1)

e the subject “worsens” when there is an increase of 10% or more
(divExy> -1.1)

e otherwise, the subject “does not changed” ( -1.1 <=divExy <=1.1)
With these terms, we did all the calculus between each pair of PROBE methods:

e PROBE A vs. PROBE B

e PROBE A vs. PROBE C

e PROBE A vs. PROBE D
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e PROBE B vs. PROBE C
e PROBE B vs. PROBE D
e PROBE Cvs. PROBE D

Pie charts, histograms and tables summarizing the results for each comparison
are shown in Figure 34 to Figure 45.

PROBE A vs PROBE B
view by subjects

# DivEas
B worsens Himproved M not changed Subjects Average
4% worsens 48| 5,467405802
improved 25| -10,92950108
not changed 3] 0,365858664
76

Figure 34: PROBE A vs. PROBE B comparison - distribution and averages
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Figure 35: PROBE A vs. PROBE B comparison — (100 * divE ) histogram
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PROBE A vs PROBE C
view by subjects

H worsens M improved M not changed

8%

# DivEac
Subjects Average
worsens 34| 4,549361628
improved 33| -2,806773957
not changed 6| -0,011104197
73

Figure 36: PROBE A vs. PROBE C comparison - distribution and averages
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Figure 37: PROBE A vs. PROBE C comparison — (100 * divE4c) histogram
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PROBE A vs PROBE D
view by subjects

H worsens M improved M not changed

7%

# DivEap
Subjects Average
worsens 38| 5,068644572
improved 33| -3,435743871
not changed 5| 0,644623627
76

Figure 38: PROBE A vs. PROBE D comparison - distribution and averages
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Figure 39: PROBE A vs. PROBE D comparison — (100 * divE 4p) histogram
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PROBE B vs PROBE C
view by subjects

# DivEsc
® worsens M improved M not changed Subjects Average
7% worsens 51| 4,443403873
improved 66| -8,730598792
not changed 9] -0,344108207
126

Figure 40: PROBE B vs. PROBE C comparison - distribution and averages
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Figure 41: PROBE B vs. PROBE C comparison — (100 * divEpc) histogram
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PROBE B vs PROBE D
view by subjects

H worsens M improved M not changed

6% # DivEsp
Subjects Average
worsens 56| 5,338059177
improved 66| -6,151261868
not changed 8| -0,004253836
130

Figure 42: PROBE B vs. PROBE D comparison - distribution and averages
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Figure 43: PROBE B vs. PROBE D comparison — (100 * divEgp) histogram

108



Chapter 5. Data Analysis

PROBE Cvs PROBE D
view by subjects

H worsens M improved M not changed

# DivEcp
6% Subjects | Average
worsens 63| 4,709465445
improved 55| -5,696616916
not changed 8| -0,012602948
126

Figure 44: PROBE C vs. PROBE D comparison - distribution and averages
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Figure 45: PROBE C vs. PROBE D comparison — (100 * divEcp) histogram

With the pie charts, we can see in all the comparisons that the percentages of
subjects that improved and that worsened are not very distant. In fact, the proportions
are all very similar. With our definition, we can see in all comparisons that generally
near half of the subjects improved and near half of the subjects worsened between any
two PROBE methods.

What is interesting to see is the size of those changes. If we take a look at the
PROBE A comparisons with PROBE C and with PROBE D, we can see that there are
many subjects that have a big improvement (that estimates between a 500% and 1000%
better with PROBE A than with the other method). We can also see that the majority of
the students that have not improved, have in fact worsened their estimations by a much
lower percentage. When combined with Figure 26 this seems to show that the “fat tail*
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that are the worst estimates, were removed. A very similar behavior can be seen in the
PROBE B vs. PROBE C histograms and PROBE B vs. PROBE D histograms.

Scatter plots for each PROBE method are presented in Figure 46 to Figure 49.
There are presented the estimated size versus the actual size, were each point of the plot
represents an engineer. The neaerer a point is to the y=x line, the better the estimation
is. When a point is inside the line, the estimation is perfect.

1000+

B00-]

G001

400

PROBE Size A Actual

200+

0 200 40'0 sc'm sﬁu 10100
PROBE Size A Estimated

Figure 46: PROBE A - Estimated size vs Actual size scatter plot
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PROBE Size B Actual

PROBE Size C Actual
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Figure 47: PROBE B - Estimated size vs Actual size scatter plot
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Figure 48: PROBE C - Estimated size vs Actual size scatter plot
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Figure 49: PROBE D - Estimated size vs Actual size scatter plot

In the scatter plots we can see that for PROBE C and D, the points are more
diffuse than the points in the PROBE A and B scatter plots.

We know that this is just a descriptive analysis and that we cannot draw any
conclusion about these observations. But it allows us to visualize the data in a different
way, and we get a better idea of how subjects evolve during the application of the
different estimation techniques during the courses.

7.2 Threats to validity and limitations

Estimating is a skill. The PROBE method consists on a lineal regression using
engineer historical data that provides a framework for gathering estimating data. But if
the engineer is not able to make a good conceptual design, with a good understanding of
the product requirements and with a correct definition of the product elements that will
produce the desired functions, it will not work. So, this could be a limitation to visualize
the introduction and application of the PROBE estimation technique.

The PSP provides a proxy-based estimation method (introduced during PSP
level 1) to help engineers decompose the program and estimate the size of each element,
based on historical data. During the courses, the PSP tool used by the students, provide
a C++ Class Size Ranges matrix that is used as baseline for all the students, despite the
programming language they use. Maybe that size ranges are not appropriate to other
programming languages and could be distorting the real engineer estimation. Also, class
could not be optimal proxies for different programming languages, and database
elements, screens, reports, etc., could be better proxies for other languages. Teachers
should control these and motivate engineers to generate and use their own proxies.

While there will always be a subjective element to estimation no matter how
much data it is based on, the PSP training strives to teach engineers how to make the
best use of their own past experience. When the size estimation method is introduced at
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the start of PSP level 1, in the first version of the PSP course (the one based on 10
program assignments) the engineers have data from the three previous assignments as a
basis for estimating the fourth. But in the PSP Fund/Adv course, there is only one data
point at PSP0O. Maybe the introduction strategy is not the optimal, as it does not have a
good basis to apply the PROBE method in PSP1.

Even having transformed the data, the normality assumption for ANOVA could
not be fully satisfied. The distributions of ABS(SEA) tend to be positively skewed, with
long tails extending to the right and a truncated range at zero. This type of non-normal
distribution is to be expected given the source of the data. There can never be a negative
absolute value, so the truncation at zero is expected. This positively skewed distribution
is particularly expected when engineers (as a group) improve the size estimations of the
programs as the linear regression helps them to estimate better during the course. This is
the type of data where either a logarithmic or inverse transformation can be used to
create a more nearly normal distribution [14]. Based on our examination of the effects
of these two types of transformations on the distribution of residuals, the logarithmic
transformation was used in the confirmatory analysis.

7.3 Conclusions

In this analysis we considered the work of 311 software engineers, who during
PSP work, developed 7 or 8 programs, depending on the course version. Each subject
took the complete PSP course, either PSP for Engineers I and II or PSP Fundamentals
and Advance. We analyzed the data collected by each student to determine whether the
introduction of a formal estimation technique for size improve the accuracy of
engineers’ size estimates or if such improvement is only a consequence of gaining
experience in the problem domain.

Both courses appear to be successful in demonstrating effective use of the
PROBE estimating method, and in showing improvement on the accuracy of engineers’
size estimations.

The followings are candidate reasons for improvement that are not mutually
exclusive:

e Simple repetition with feedback of actual results

e Introduction of a structured approach (PROBE D, C) including
estimation by parts

e PROBE A, B corrections

Data do not clearly support our hypothesis, as we cannot analyze the PSP1
introduction on both courses. Perhaps our hypothesis is not satisfied, but we cannot be
sure yet because the PSP level introductions in the studied courses format are not the
optimal to analyze this behavior. Since PSP level changes so rapidly in the PSP
Fundamentals and PSP I course, the program number and the PSP process level are
tightly correlated in a way that makes separating the effects difficult. We also have very
few points with PSP0O and PSP1 to analyze. That is why the second analysis approach,
visualizing the data using the PROBE method, was necessary.

The results support some of our ideas and we are getting closer to see if PSP
techniques associated with PSP level are the real causal explanation for the
improvements, but this is not proved yet. Probably a larger study, examining the results
by PROBE type and by PSP level together could be useful to reinforce these results.
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These results cannot ensure that the observed improvements are exclusively due
to mastering the process techniques introduced in the PSP. In Chapter 7, we propose
some controlled experiments to permit the different PSP levels process changes to
stabilize so that we could more directly examine improvements between programs with
and without process changes. In this way, we can obtain more generalizable results.

8. General Conclusions of the Data Analysis

Previous studies of Personal Software Process have examined the effect of the
PSP on the performance of software engineer and it was found that the improvements
were statistically significant, and it was considered that the observed results could be
generalized beyond the involved participants [7] [8] [9] [10]. Those studies only
considered students of the first version of the PSP course which uses 10 program
assignments and as there is a strong correlation between the program assignment and
PSP level. Those studies may have some threats to external validity. In this work we
tried to face the generalization threat and consider the latest two course versions to
analyze and evaluate the effectiveness of the PSP and the impact of the domain
experience (programming repetition).

To reach our goal we evaluated engineers’ performance differences with respect
to four dimensions: defect density in unit testing, yield, production rate and size
estimation accuracy.

Regarding defect density in unit testing, we find out significant improvement
with a mean reduction of a factor of 2.3. Our results suggest that improvements in
defect density in unit testing are most plausible regarding mastering PSP techniques
rather than programming repetition.

When analyzing yield, we find out significant improvement with a mean
increase of a factor of 1.9. The results support that design and code reviews techniques
are the main reasons of the improvements rather than the learning effect.

On the other hand, regarding production rate we find out a mean reduction of a
factor of 0.7. Despite of what we expected, both courses appear to be effective in
demonstrating that the increments in the amount of design documentation and data
tracking proposed by the PSP deteriorates the production rate during the PSP course.

Finally, looking at the size estimation accuracy results, we find out significant
improvement with a mean reduction of a factor of 2.6. For this hypothesis we were not
able to discard the domain learning effect as the root causes of the improvements, as the
estimation technique introduced in the PSP courses is based on historical data and needs
repetition.

In conclusion, the analyses reported here substantiate that trends in personal
performance observed during PSP application are significant, and that the observed
improvements or deteriorations represent real change in individual performance, not a
change in the average performance of the group.

Since PSP level changes so rapidly in the PSP Fund/Adv and PSP V/II course, the
program number and the PSP process level are tightly correlated in a way that makes
separating the effects difficult. This issue affected specially the size estimation accuracy
study; however the results lead us to think that the process phases are probably one of
the main reasons of the changes. In Chapter 7, we propose several controlled
experiments, which will allow evaluating the programming repetition effects in depth.
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Related Work

Several empirical studies on the effects of the PSP training were published
during the last 15 years. Those studies, which try to demonstrate the benefits of
disciplined software development on the individual level, were developed among others
by Hayes et al. in 1997 [7], Rombach et al. in 2007 [8], Paulk in 2010 [9] and by
Nichols et al. in 2013 [10]. In this chapter the findings of these studies are presented, as
well as their results are compared against the findings that were obtained in our work.

1. Hayes et al. — 1997

The Personal Software Process (PSP):
An Empirical Study of the Impact of PSP on Individual Engineers

Authors: Hayes, Will; Over, James W.

Published: Software Engineering Institute, Carnegie Mellon University
Technical Report CMU/SEI-97-TR-001

Year: 1997

The objectives of this study were to test key assertions about the benefits of the
PSP and to consider whether the observed results can be generalized beyond the study
participants. Since the PSP was developed to improve individual performance, the study
examined changes in individual performance as new practices were introduced.

The goal of the study was the following:

“Analyze the data collected at the PSP levels (0, 1, 2)
for the purpose of evaluating performance differences of engineers
with respect to size estimation accuracy / effort estimation accuracy /
yield / defect density / productivity’
from the viewpoint of a researcher

in the context of the PSP training of 298 engineers

that performed the PSP I/l original course.”

The findings of this study are:

e The median individual improvement in size estimation accuracy is a
factor of 2.5.

% Hayes et al. defined Productivity in the same way as we defined Production Rate.
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e The median improvement in effort estimation accuracy is a factor of
1.75.

e The median reduction in total defect density is a factor of 1.5.

e The median reduction in defect density for the compile phase is a factor
of 3.7, and for the test phase, the median reduction is a factor of 2.5

e The median improvement in yield was an increase of 50% in the number
of defects removed before compile.

e Although significant fluctuation in productivity occurred (statistically),
no real substantive gain or loss in productivity was observed.

This is an important work because it was the first to examine PSP results using
recognized statistical techniques. It clearly states what PSP should accomplish, and it
documents early results.

Comparing this study against our work, there are different experimentation
aspects. They analyzed 298 engineers of the PSP I/II original course version while we
analyzed 347 engineers of the other two course versions, the PSP I/II revised and the
PSP Fundamentals and Advance.

Hayes et al. looked at the improvements during the course, without analyzing if
the main reasons of the improvements are in fact the PSP introduced techniques and
phases. We cannot compare our findings related to impact of the programming
repetition against this study. But the observations about the effect size of the
improvements can be compared against our results.

They detect that median reduction in defect density for the test phase is a factor
of 2.5. For the same variable, we find out that the mean reduction is a factor of 2.3. Our
results also support that product quality improvements are due to the PSP practices
introduced rather than the domain effect learning.

Regarding the process yield, they detect that the median improvement was as an
increase of 50% in the number of defects removed before compile. For the same
variable we detect that the mean improvement is a factor of 1.9. This corresponds to a
mean improvement in yield of a 55%. We computed this value by subtracting the yield
for PSP level 1 from the yield for PSP level 2 for each engineer, then computing the
mean of that distribution.

On the other hand, they find no real substantive gain or loss in production rate.
For the same variable we find out a loss in the rate, with a mean reduction of a factor of
0.7.

Moreover, they realize that the median individual improvement in size
estimation accuracy is a factor of 2.5. For the same variable we realize that the mean
improvement is a factor of 2.6. In this case, we were not able to fully discard the
programming repetition as the root causes of the improvements, as the PROBE method
for size estimation is based on historical data and needs repetition.

As we can see, results regarding defect density in unit testing, yield and size
estimation accuracy follow the same line in both studies. However, production rate
results are quite different. Further research related to the last two course versions should
be performed in order to know which could be the reasons of this production rate
deterioration.
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2. Rombach et al. — 2007

Teaching disciplined software development

Authors: Rombach, Dieter; Miinch, Jiirgen; Ocampo, Alexis;
Humphrey, Watts; Burton Dan

Published: Journal of Systems and Software; Vol. 81, No. 5

Pages: 747-763

Year: 2008

This study is a replication and extension of the Hayes et al. study. It addresses
the meaning of disciplined software development, its benefits, and the challenges of
teaching it. It presents a quantitative study that demonstrates the benefits of disciplined
software development on the individual level.

The goal of this study was the following:

“Analyze the data collected at the PSP levels (0, 1, 2, 37
for the purpose of evaluating performance differences of engineers
with respect to size estimation accuracy / effort estimation accuracy /
defect estimation accuracy / yield / defect density / productivity
from the viewpoint of a researcher

in the context of the PSP training of 3090 engineers

that performed the PSP I/l original course”.

The findings of this study are:

e Neither accept nor reject the hypothesis about size estimation accuracy
improvement

e The effort estimation accuracy improves from an average of -25% to -
10%

e At compile test phase, defect density improves from an average of 42
Defects/KLOC removed to 12 Defects/KLOC. Similar differences are
shown at the compile and test phase together, and for defect density in
the overall.

e Productivity® improves from an average of 30 LOC per hour to 39 LOC
per hour.

e Yield improves from an average of 5% to 55%

e Neither accept nor reject the hypothesis about defect estimation accuracy
improvement

PSP level 3 is a level that was used in the first version of the PSP course. After that it has not been used
anymore.

8 Rombach et al. also defined Productivity in the same way as we defined Production Rate.
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Comparing this study against our work, there are different experimentation
aspects. We analyze a data set rather smaller than theirs: 347 engineers of the last two
course version and they analyze 3090 engineers of the PSP I/II original course.

Referring the defect density, we find out that at test phase, it improves from an
average of 15 Defect/KLOC to 2.5 Defect/KLOC. For the same variable, Rombach et
al. find out that it improves from an average of 42 Defects/KLOC removed to 12
Defects/KLOC.

Regarding process yield we discover that it improves from an average of 7% to
62%. For the same variable, Rombach et al. discover that it improves from an average
of 5% to 55%.

Moreover, we find out that production rate deteriorates from an average of 32
LOC per hour to 20 LOC per hour. For the same variable, Rombach et al. find out that it
improves from 30 LOC per hour to 39 LOC per hour.

On the other hand, looking at the size estimation accuracy results, we find out
significant improvement with a mean reduction of a factor of 2.6. However, Rombach et
al. neither accept nor reject the hypothesis about size estimation accuracy improvement.

As we can see, yield results follow the same line in both studies. Although both
studies show that defect density in unit testing improves, the beginning defect density
averages are quite different on both studies (15 versus 42 defects per KLOC). In
Rombach et al. work it is specified that the PSP courses can be a two weeks training for
engineers from industry or a semester course in an academic environment. Even though
they say that most of the classes were taught in industry to practicing software
developers and less than 4% of the data is from students in a university setting, we
should not discard this experimentation difference as one of the reasons for this distinct
behavior of defect density average at the beginning of both studies. The students’
previous experience and profiles can be affecting this variable, as well as the differences
in the controlled environment between a massive undergraduate course and a SEI (or
SEI partner) course for professional developers. On the other hand, regarding
production rate, the studies show opposite results. Size estimation accuracy results are
different as well, since they do not find significant improvements.

3. Paulk -2010

The Impact of Process Discipline on Software Quality and Productivity

Author: Paulk, Mark
Published: ASQ Software Quality Professional; Vol. 12, No. 2

Pages: 15-19
Year: 2010

This work consists of a study of the impact of process discipline on personal
software quality and productivity’. He considered a data set of 2435 programs
developed by engineers who performed the PSP I/II original course. The article does not

% Paulk also defined Productivity in the same way as we defined Production Rate.
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clarify how many engineers were involved in those developments. Only programs
written in C were considered, in order to remove a possible confounding factor.

The impacts found on quality are:

e Defect density (defects/KLOC) in testing: Quality improved by 79% and
variability decreased by 81%

e The number of defects generally decrease across the PSP assignments
despite the observation that the number of lines of code is increasing at
the same time.

e Programmer ability also affects software quality. The top-quarter
students improved their software quality by a factor more than two, and
the bottom-quarter students improved theirs by a factor more than four.

The impacts found on productivity are:
e Productivity (LOC/hour) increases but it is not practical significant.
e Programmer ability also affects productivity.

Comparing this study against our work, there are different experimentation
aspects. He analyzed 2435 programs developed by engineers that performed the PSP I/I1
original version. The author does not clarify how many engineers are involved in those
programs. We analyzed 347 engineers of the other two course versions, the PSP I/I1
revised and the PSP Fundamentals and Advance.

Regarding defect density in unit testing, we find out that quality improved by
84% and variability decreased by 80%. For the same variable he finds out that quality
improved by 79% and variability decreased by 81%.

On the other hand, regarding production rate we discover a mean reduction of a
factor of 0.7. For the same variable he discovers not practical significant changes.

As we can see, defect density in unit testing results follow the same line in both
studies, while the product rate results are quite different.

4. Nichols et al. — 2013

The Personal Software Process (PSP) Revisited:
Empirical Benefit Analysis

Author: Nichols, William; Kiipper Steffen; Andelfinger Urs
Published: Technical Report - draft version provided by the authors
Year: 2013

This technical report aims at deepening the understanding of original hypotheses
of Hayes et al. and Rombach et al. They analyzed the data of 3111 engineers that
performed the PSP I/II original course. The data set is a superset of the data used by
Hayes et al. and by Rombach et al. They are considering graduate and undergraduate
students, as well as subjects that performed a two weeks training for engineers from
industry or a semester course in an academic environment.

The main findings in this study are:
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e Neither accept nor reject the hypothesis about size estimation accuracy
improvement

e Neither accept nor reject the hypothesis about size effort accuracy
improvement

e Regarding estimations, they find out different behavior between
engineers that overestimate and the engineers that underestimate.

e The defects injected per thousand lines of code does not decreases
e The number of defects removed per thousand lines of code decrease

e With the introduction of design and code reviews, the defect densities of
programs entering the compile and test phases decrease significantly

e Engineers do not lose on productivity!°

e The introduction of design review and code review has a significant
impact on the value of engineers’ yield.

e Reject the hypothesis about defect estimation accuracy improvement

Comparing this study against our work, there are different experimentation
aspects. We analyze a data set rather smaller than theirs: 347 engineers of the last two
course version versus 3111 engineers of the PSP I/II original course.

Both studies find out improvements in size estimation accuracy, defect density
in unit testing and yield, while the impact on production rate is quite different on both
studies.

5. Comparison summary

Four related works were presented in the previous sections. These research
works study the effects of the PSP training and try to demonstrate the benefits of
disciplined software development on the individual level.

One of the main differences between these studies and our work is that all of
them analyzed data from students who performed the PSP I/II original course while we
analyzed data from the PSP /Il revised and PSP Fundamentals and Advance courses.
The amount of subjects considered on each study is also a relevant difference, which
impacts on the generalization of the observations.

The data quality assessment and cleaning is another difference between these
studies. Hayes et al. only considered for their analysis the students that reported
complete data (records available for the 10 assignments involved in the course) for each
variable under study. On the other hand, Rombach et al. reported that they assessed the
data quality and that they only used data from those students whose data for all 10
exercises were correct, complete, and consistent. Paulk does not include any
specification about the quality of the analyzed data set. Besides, Nichols et al. reported
that they considered those engineers who at least provided complete data for all the
assignments, also reporting that further data cut-offs were made based in the PSP
guidelines, in order to base their analysis in complete, correct and consistent data. In our

10 Nichols et al. also defined Productivity in the same way as we defined Production Rate.
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work, we performed the data quality assessment and cleaning based on the Data Quality
theory. We performed that by defining and measuring 10 data quality problems

(associated with the accuracy, consistency, completeness and uniqueness data quality
dimensions) through 91 specific metrics.

Another important difference is that they looked at the improvements based on
how the engineers’ performance evolved during the course. That approach implies a
threat to external validity, which is the confounding of process phases and techniques
insertions with the gaining of domain experience as related programs are developed.
With our approach, we faced that threat.

Table 21 presents a comparison table of the findings from all the studies
discussed in the previous sections.

Hypothesis | Hayes et al. Rombach et al. Paulk Nichols et al. Our study
1997 2007 2010 2013 2013
‘Slze ) e Nelthe.r accept nor Not Nelthe.r accept e
Estimation reject the nor reject the
factor of 2.5 . analyzed . factor of 2.6
Accuracy hypothesis hypothesis
ijfor? Improved a e B Not Nelthe.r accept
Estimation factor of nor reject the Not analyzed
-25% to -10% analyzed .
Accuracy 1.75 hypothesis
Total Reduced from 103 Reduced
Reduced a Not
Defect factor of 1.5 to 50 defects per analvzed factor not Not analyzed
Density ) KLOC Y specified
Def.ect- Reduced from 57 to Reduced
Density in Reduced a £ Not p 1
(it factor of 3.7 12 defects per analyzed acto'r not Not analyzed
; KLOC specified
phase
Reduced a
factor of 2.3.
Reduced from
Defect Improved by 15t02.5
erect Reduced from 42 to 79% and Reduced defects per
Density in Reduced a S
A 12 defects per variability factor not KLOC.
Unit factor of 2.5 .
Testi KLOC decreased by specified Improved by
esting 81% 84% and
variability
decrease by
80%
Improved Increase of
Process Increase of | Improves from 5% Not faclt)or not 55%.
Yield 50% to 50% analyzed specified Improves from
o 7% to 62%
Reduced a
. . . . factor of 0.7.
Production No gain or Improves from 30 No gain or No gain or .
Rate loss to 39 LOC per hour loss loss Deteriorates
from 32 to 20
LOC per hour
D.efec.t Not Ne1thef accept nor Not Rejected the
Estimation analvzed reject the analvzed hvbothesis Not analyzed
Accuracy Y hypothesis Y P

Table 21: Findings comparison'!

' The table has different units for the effects because it is not possible to calculate a standardized effect
size from the available data of the articles. To calculate effect size is necessary to have the mean of the
groups, the standard deviation and the size of the samples.
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All studies present an improvement in defect density in unit testing. Although
not all the works analyzed the evolution of the total defect density and the defect density
in the compile phase, we can see a reduction trend. Additionally, improvements are
observed regarding process yield in all the studies that analyzed that variable. These
observations support the PSP course benefits regarding product quality, regardless of
whether these are achieved by the process itself or by the domain learning effects.

However, regarding size, effort and defect estimations, some studies report
improvements while others show not significant improvements.

Production rate seems to be the most variable of all the analyzed hypotheses, as
some studies find improvements, others find no real gain or loss, and we find a
significant loss of productivity.

Besides showing an improvement in defect density in unit testing, process yield
and size estimation accuracy, our work includes the elimination of the threat to validity
related to the learning by programming repetition in two of those variables: process
yield and defect density in unit testing. This is one of the thesis’ contributions since it
had not been previously studied.
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Conclusions and Future Work

This chapter includes three sections: conclusion, contributions of the research
and the future work.

1. Conclusions

Almost every new product or system that we use in our daily life has a software
component for its operation. Meanwhile, both the size and complexity of the software
increase day by day. In this context, software engineering needs improved software
quality, better cost and schedule management as well as reduced software development
cycle time [40].

The Team Software Process (TSP) is a software development process for teams
that satisfies these needs and which uses the Personal Software Process (PSP) for each
team member [4] [5]. The PSP is a defined and measured software process designed to
be used by an individual software engineer to addresses the software businesses needs
by improving the technical practices and individual abilities of software engineers, and
by providing a quantitative basis for managing the development process [41].

Given that the TSP is a process successfully used and it is qualified as the best
software development process for medium and large scale projects [6], it is important to
know whether the processes and the applied techniques of the PSP lead to develop high
quality products. Therefore, the general goal of this thesis is to know if the different
techniques and phases of the PSP (and therefore, the PSP itself) produce positive
changes in the aforementioned aspects of the software development.

The PSP is taught through a course. Several versions of the course use the same
exercises, but introduce process phases and techniques in modified sequences. An
earlier version of the course has several published studies demonstrating improvement
in developer performance with process insertion [7] [8] [9] [10] [11] [12], but the
retrospective analysis left some threats to the validity of these claims. One threat to the
validity of the claims of these studies is the confounding of the effect of introducing
process phases and techniques insertions with the gaining of domain experience as
related programs are developed.

Given this known problem (validity threat to prior experiments in PSP), the main
goal of this thesis is to use the PSP data from the latest two course formats to determine
whether the different techniques introduced improve several aspects of developers’
performance, or if such improvement is only a consequence of gaining experience in the
problem domain. A secondary goal is to document observations and results of the two
recent course versions, which do not have yet published works.
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Based on Hayes [7] and Rombach [8], we decided to evaluate the effects of the
last two PSP course versions through four hypotheses, focusing on determining the
main reason for the improvements and not just evaluating the effect size of the
improvements.

Therefore, we defined the particular goals of this thesis as:

e Analyze and compare the data collected at the PSP levels in two different
courses for the purpose of evaluating performance improvements of
engineers with respect to defect density in unit testing / yield /
production rate / size estimation accuracy from the viewpoint of a
researcher in the context of the PSP training of engineers in “PSP for
Engineers I/II revised” course and the training of engineers in “PSP
Fundamentals and Advance” course.

e In case of improvements, determine if these are due to the specific
techniques introduced or if such improvements are only a consequence of
the experience gained in the problem domain.

The quality of the PSP collected data can have a relevant impact in the results.
We considered that it was important to find a way to ensure that the statistical analyses
were based on quality data. That is why, based on the Data Quality theory [13], we
thoroughly identified and defined possible quality problems that the data under study
might contain. We implemented the algorithms required for measuring, cleaning and
collecting the metadata and we executed those algorithms afterwards.

Ten quality problems were identified, and a total of 91 metrics were defined in
order to measure these problems applied to objects of the database. After executing all
measuring, we observed that a 1.34% of the total of the measured objects has some error
or possible error. Our result is different from the findings of a prior study on the quality
of the PSP data, in which it is reported a 4.8% of errors within data [33]. This difference
is probably due to the previous study which was based on a version of the course for
which there was neither computer nor tool support for the process and the calculations
involved. After the measurement process, we executed a data cleaning procedure,
obtaining a data set with the necessary quality for our statistical analysis for each
hypothesis.

The quality of the data collected during a software development project is
relevant due to the problems that poor data quality can cause: deviated estimations,
wrong predictions, bad project monitoring, among others. Our analysis on the quality of
the data collected during a disciplined development process (as the PSP) shows few
quality defects (about 1%). However, the cleaning of these few low quality data is
necessary when performing hypothesis tests.

After cleaning the data, we analyzed whether performance improvements are
due to the programming repetition or due to the introduction of phases and techniques.
To carry this out we defined and applied an indirect statistical method of analysis that
consists of three steps in which the relationships between program number, PSP level,
course version and engineers’ performance are examined by applying analysis of
variance statistical methods. We followed this approach for each of the hypothesis.

Regarding defect density in unit testing, we found significant improvement with
a mean reduction of a factor of 2.3. This result is consistent with Hayes and Rombach
findings. Our results not only show the effect size, but suggest that improvements in
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defect density in unit testing are most plausible regarding mastering PSP techniques
rather than programming repetition.

Our results show significant improvement in the process yield with a mean
increase of a factor of 1.9. This result is also consistent with Hayes and Rombach
findings. Our results also support that design and code reviews techniques are the main
reason of the improvements rather than the learning effect.

Regarding production rate we found a mean reduction of a factor of 0.7. This
result differs from the Hayes findings, which did not find gain or loss in the production
rate. Our result also differs from Rombach findings, who found an improvement of the
production rate. In our study both courses appear to be effective in demonstrating that
the increments in the amount of design documentation and data tracking proposed by
the PSP deteriorates the production rate during the PSP course.

Looking at the size estimation accuracy results, we found significant
improvement with a mean reduction of a factor of 2.6. This result is consistent with
Hayes findings, but differs from Rombach findings, as he neither accepts nor rejects this
hypothesis. For this particular dimension we were not able to discard the domain
learning effect as the root causes of the improvements, as the estimation technique
introduced in the PSP courses (the PROBE method) is based on historical data and
needs repetition.

The analyses executed in this work substantiate that trends in personal
performance observed during PSP application are significant, and that the observed
improvements or deterioration represent real change in individual performance, not in
the average performance of the group.

Because of the followed approach, we are able to suggest that the PSP is the root
cause of the improvements rather than the domain learning effect in two of the four
studied hypothesis: defect density in unit testing and process yield. Since PSP level
changes so rapidly in the PSP Fundamentals and Advance course and in the PSP I/IT
revised course, the program number and the PSP process level are tightly correlated in a
way that makes separating the effects difficult. This is one of the reasons why we were
not able to reject the learning effect in the other two hypotheses. However, the results of
our analysis related to these hypotheses lead us to think that the process phases and the
introduced techniques are probably one of the main reasons of the changes, so further
research and experimentation is necessary to confirm it.

With our results, we show that the use of PSP produces positive changes
regarding the improvement quality of the software product, which is one of major needs
of software development.

Given the size and complexity of modern software projects, success requires that
all individuals produce high quality software products with predictable cost and
schedule. It is, therefore, essential to base organizational processes on practices that
work at an individual level and satisfy these needs. This work suggests that PSP has
demonstrated the capability to address these needs.

Perform controlled experiments related to the application of a software
development process is not a trivial task. The PSP, since it is a highly instrumented
process, allows having enough data for Software Engineering experiments. In this work
we were able to see that from a simple recollection of direct measures like defects, times
per phases and size, effort and quality estimations, arise many software metrics that are
really important and which allow to effectively evaluate the process execution.
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Given that Software Engineering cares about quality, costs and schedule [42], it
is necessary to perform more empirical studies which show how techniques, methods
and processes help to improve each of those issues [43]. Unfortunately, the available
empirical evidence in this area is still not quite enough [44]. Not many software
development processes have been as much studied as the PSP and the TSP.

2. Contributions

The main contributions of this work are the following:

e We give insight into the engineers’ performance changes in the last two PSP
course versions with respect to four dimensions: defect density in unit
testing, yield, production rate and size estimation accuracy. The behavior on
the engineers’ performance on these two course versions, PSP Fundamentals
and Advance and PSP for engineers I/II revised, was not studied before.

e We address the threat to external validity related to the learning by
programming repetition. Results suggest that improvement effects are most
plausible regarding mastering PSP techniques rather than general domain
knowledge in two of the studied dimensions: process yield and defect density
in unit testing.

o We study the quality of the data collected during the execution of the last
two PSP course formats. We did not find in the literature other data quality
analysis like this one, at least not using a formal approach based on the Data
Quality discipline. Our approach can be used, with adaptations, for other
software development processes.

3. Future Work

As future work we propose several controlled experiments to continue facing the
domain learning threat in order to obtain more generalizable results.

One approach consists of a controlled experiment where the students must
perform, for example, the same eight assignments defined for the PSP I/II revised
course. But, in this experiment, the students perform the first program with PSP0 and all
the other assignments with PSP0.1. That is, in this experiment proposal, the student
repeats the same baseline process, without the introduction of new techniques or new
phases. Here, the researcher will be able to see precisely how the domain learning effect
is affecting any dimension of the engineers’ performance, blocking the effect of the PSP
level. If there are improvements during the experiment, there is no doubt that they are
due to programming repetition. Part of this work has already begun and an extended
abstract has been recently sent (on April 2nd, 2013) to present an article in the TSP
Symposium 2013. This extended abstract can be found in Appendix 5.

A second approach could be a controlled experiment with 3 groups of students:
X, Y and Z. The students of the group X are introduced to PSPO0.1, the students of the
group Y to PSP1.1, and the students of the group Z to PSP2.1. Then, each student of
each group performs, for example, 10 assignments applying the higher PSP level that
they were introduced to. In this way, each PSP level will be stable at the end of the
experimentation process for each group of students, and the effects of programming
repetition and of the techniques applied on each PSP level could be examined.
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A third approach would be an extended PSP course with at least three exercises
at each PSP level. We judge that this would permit the process changes to stabilize
allowing us to examine improvements between programs with and without process
change more directly.

Any of these controlled experiments proposals are useful not only to face the
programming repetition threat for the variables studied in this thesis work, but for any
variable defined to analyze the changes of an aspect of the engineers’ performance in
the PSP. Although more approaches are possible, we just present some of them.

Regarding the production rate results that we found, which were quite different
from the previous studies related to the PSP I/II original course, we propose to perform
further research related to the last two course versions in order to know which could be
the reasons of this production rate deterioration. Related with this issue, we also propose
as future work a comparison between the techniques introduction in the different course
versions, in order to determine the optimal way to introduce the process phases and
techniques to teach the PSP.

We think that it is important to analyze the PSP I/II original course in order to
evaluate the learning effect on that course. That is, we propose to do a replication of our
study with the old course version data as a future work. There are three main reasons for
this replication: the programming repetition effect has never been studied on that PSP
course version, there is more available data (more than 3000 engineers, that is, more
than ten times the data that we analyzed), and each level of PSP is used in at least three
assignments. The last two reasons can help generalize the results of our study, as well as
gaining more knowledge about the size estimation accuracy.

We consider necessary to analyze the other variables related to engineers’
performance that have been studied previously (for the PSP I/II original course) in the
related works and which were not studied in this opportunity: effort estimation
accuracy, defect estimation accuracy, total defect density and defect density per phase.
This would allow reaching a fully complete analysis of the performance impact of the
PSP’s phases and techniques.

In regards to the quality of the data collected during the PSP, it is of interest to
understand effect of data cleaning upon the hypotheses. An empirical approach would
be analyze the same hypotheses but considering all the students’ data without the data
quality cleaning and cut-offs applied. This result could be compared to the analysis with
cuts applied. A substantial change would strongly suggest care should be taken when
using that data to make decisions.

It seems reasonable to analyze the particular data quality problems that we found
in order to improve the PSP support tool (which is used by the students during the
courses to recollect the process data) and prevent data errors. An example of an
improvement could be that the tool automatically notify of any quality problem before
saving the data. The grading checklist used by the PSP instructors could also be
improved based on the data quality problems found, in order to improve the teaching of
the PSP.

Something interesting would be to conduct this kind of studies for the data
collected during the use of the Team Software Process. The data to be used would be
data generated by the use of this process in the industry. There, the impact of the
process phases and techniques on the engineers’ performance can be evaluated in
industrial scale projects, during the whole software development process.
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Appendix 1

Software Quality Models and Processes

This appendix presents software quality models and processes created by the
SEI, as the CMMI and the TSP. Also a complete description of the PSP Quality Process
and Product Measures is presented

1. CMM and CMMI

This section presents a summary of the main characteristics of the Capability
Maturity Model (CMM), created by the Software Engineering Institute (SEI) of
Carnegie Mellon University. This description of CMM is based on the SEI technical
reports Key Practices of the Capability Maturity Model [45] and Capability Maturity
Model for Software [46].

CMM is created to guide software organizations in the process improvement
strategy’s selection. This is done through the determination of the maturity of the
development process and the identification of the more critical elements.

The following definitions are useful to understand CMM and CMMI:

Software process capability describes the range of expected results that can be
achieved by following a software process. The software process capability of an
organization provides one means of predicting the most likely outcomes to be expected
from the next software project the organization undertakes.

Software process performance represents the actual results achieved by
following a software process. It focuses on the achieved results, while software process
capability focuses on expected results.

Software process maturity is the extent to which a specific process is explicitly
defined, managed, measured, controlled, and effective.

The hypothesis that is handled both by CMM and CMMI is that a mature
process is a process with high capability.

CMM has five maturity levels. Each level is composed by Key Process Areas.
For an organization to reach a certain maturity level, it must meet the Key Areas of that
level and all the previous levels. In the Figure 50 are shown all levels, the software
process types associated to each level and the key areas of each level.
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Figure 50: CMM Levels and Key Areas

As our focus is software quality, only the key areas related to quality are
explained.

At level 2, the purpose of Software Quality Assurance is to provide management
with appropriate visibility into the process being used by the software project and of the
products being built. Software Quality Assurance is an integral part of most software
engineering and management processes.

The goals of the Software Quality Assurance are:
e To plan software quality assurance activities.

e To objectively verify the adherence of software products and activities to
the applicable standards, procedures, and requirements.

e To inform affected groups and individuals about software quality
assurance activities and results.

e To inform about noncompliance issues that cannot be resolved within the
software project, and to address them to senior management for it to
intervene.
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At level 4, the purpose of Software Quality Management is to develop a
quantitative understanding of the quality of the project's software products and achieve
specific quality goals.

The goals of the Software Quality Management are:
e To plan the project's software quality management activities.
e To define measurable goals for software product quality and their
priorities.
e To manage and quantify the actual progress toward achieving the quality
goals for the software products.

CMMI (Capability Maturity Model Integration) is the successor of the CMM.
The CMM was developed from 1987 until 1997. In 2002, CMMI Version 1.1 was
released, Version 1.2 followed in August 2006, and Version 1.3 in November 2010.

Although Capability Maturity Model Integration (CMMI) has differences with
CMM, these have no influence in the presented work. Therefore, neither a presentation
nor a discussion on CMMI will be done. It has been considered that it would not add to
this work, and that it would repeat many of what has already been stated about CMM.

2. TSP

This section presents a summary of the main characteristics of the Team
Software Process (TSP), developed by Watts Humphrey in 1996 at the SEI. This
description of the TSP is based on the SEI technical report The Team Software Process
(TSP) [23].

As it was stated before, the TSP provides a disciplined context for engineering
work. The principal motivator for the development of the TSP was the conviction that
engineering teams can do extraordinary work, but only if they are properly formed,
suitably trained, staffed with skilled members, and effectively led. The objective of the
TSP is to build and guide such teams.

Early experience with the TSP shows that its use improves the quality and
productivity of engineering teams while helping them to meet cost and schedule
commitments more accurately.

The teambuilding principles used in the TSP to establish the conditions that
characterize effective teams are as follows:

e The team members establish common goals and defined roles.
e The team develops an agreed-upon strategy.
e The team members define a common process for their work.

e All team members participate in producing the plan, and each member
knows his or her personal role within such plan.

e The team negotiates the plan with management.
e Management reviews and accepts the negotiated plan.
e The team members do the job in the way that they have planned to do it.

e The team members communicate freely and often.
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e The team forms a cohesive group: the members cooperate, and they are
all committed to meeting the goal.

e The engineers know their status, get feedback on their work, and have
leadership that sustains their motivation.

The principal elements of the TSP process are shown in Figure 51. Before the
members can participate on a TSP team, they must know how to do disciplined work.
Training in the PSP is required to provide engineers with the knowledge and skills to
use the TSP.

While there are many ways to build teams, they all require that the individuals
work together to accomplish some demanding task. In the TSP, this demanding team-
building task is a four-day planning process that is called the team launch. In a launch,
all the team members develop the strategy, process, and plan for doing their project.
After completing the launch, the team follows its own defined process to do the job.

Skill-building Team-bwmlding Team-working
Personal plans iMMiml,th : Quality pnonn
Planning methods 5 A Cost of quality

Quahity ownexsip Follow the process

Eared value
Project goals . Review status

| Process data .
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Figure 51: TSP Team-Building

In the TSP, the principal quality emphasis is on defect management. To manage
quality, teams must establish quality measures, set quality goals, establish plans to meet
these goals, measure progress against the plans, and take remedial action when the goals
are not achieved. The TSP shows teams how to do this. The elements of TSP quality
management are making a quality plan, identifying quality problems, and finding and
preventing quality problems.

TSP introduces a series of quality measures that help to identify quality
problems. These measures are:

e Percent defect free (PDF)
e Defect-removal profile

e Quality profile
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e Process quality index (PQI)

3. PSP Quality Process and Product Measures

With size, time, and defect data, there are many ways to measure, evaluate, and
manage the quality of a program. The PSP provides a set of quality measures that helps
engineers examine the quality of their process and programs from several perspectives.
While no single measure can adequately indicate the overall quality of a process or a
program, the aggregate picture provided by the full set of PSP measures is generally a
reliable quality indicator. The principal PSP quality measures are:

e Defect density
e Review rate
e Development time ratios
e Defect ratios
e Yield
e Defect removal leverage
e Appraisal to failure ratio (A/FR)
Each of these measures is described in the following paragraphs.

Defect Density. Defect density refers to the defects per Added and Modified
KLOC found in a program. Thus, if a 150 LOC program had 18 defects, the defect
density would be 1000*18/150 = 120 defects/KLOC

Defect density is measured for the entire development process and for specific
process phases. Since testing only removes a fraction of the defects in a product, when
there are more defects that enter a test phase, there will be more remaining after the test
phase is completed. Therefore, the number of defects found in a test phase is a good
indicator of the number that remains in the product after that test phase is completed.

Review Rate. In the PSP design and code reviews, engineers personally review
their programs. The PSP data show that when engineers review designs or code faster
than about 150 to 200 added and modified LOC per hour, they miss many defects. With
the PSP, engineers gather data on their reviews and determine how fast they should
personally review programs to find all or most of the defects.

Development Time Ratios. Development time ratios refer to the ratio of the
time spent by an engineer in any two development phases. In the PSP, the three
development time ratios used in process evaluation are design time to coding time,
design review time to design time, and code review time to coding time.

Defect Ratios. The PSP defect ratios compare the defects found in one phase to
those found in another. The principal defect ratios are defects found in code review
divided by defects found in compile, and defects found in design review divided by
defects found in unit test. A reasonable rule of thumb is that engineers should find at
least twice as many defects when reviewing the code as they find in compiling it. The
number of defects found while compiling is an objective measure of code quality. When
engineers find more than twice as many defects in the code review as in compiling, it
generally means that they have done a competent code review or that they did not
record all the compile defects. The PSP data also suggest that the design review to unit
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test defect ratio should be two or greater. If engineers find twice as many defects during
design review as in unit test, they have probably done acceptable design reviews.

Yield. In the PSP, yield is measured in two ways. Phase yield measures the
percentage of the total defects that are found and removed in a phase. For example, if a
program entered unit test with 20 defects and unit testing found 9, the unit test phase
yield would be 45%. Similarly, if a program entered code review with 50 defects and
the review found 28, the code review phase yield would be 56%. Process yield refers to
the percentage of defects removed before the first compile and unit test. Since the PSP
objective is to produce high quality programs, practiced reviewers can find 70% or more
of the defects before compiling or testing.

Defect Removal Leverage (DRL). Defect removal leverage measures the
relative effectiveness of two defect removal phases. For instance, if the defect removal
leverage for design reviews over unit test is 3.06/1.71 = 1.79, it means that the engineer
will be 1.79 times more effective at finding defects in design reviews as in unit testing.
The DRL measure helps engineers design the most effective defect removal plan.

A/FR. The appraisal to failure ratio (A/FR) measures the quality of the
engineering process, using cost-of-quality parameters [16]. The A stands for the
appraisal quality cost, or the percentage of development time spent in quality appraisal
activities. In PSP, the appraisal cost is the time spent in design and code reviews,
including the time spent repairing the defects found in those reviews.

The F in A/FR stands for the failure quality cost, which is the time spent in
failure recovery and repair. The failure cost is the time spent in compile and unit test,
including the time spent finding, fixing, recompiling, and retesting the defects found in
compiling and testing.

The A/FR measure provides a useful way to assess quality, both for individual
programs and to compare the quality of the development processes used for several
programs. It also indicates the degree to which the engineer attempted to find and fix
defects early in the development process. In the PSP course, engineers are told to plan
for A/FR values of 2.0 or higher. This ensures that they plan adequate time for design
and code review
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Resumen

En este articulo se presentan conceptos tedricos bdsicos de la
Ingenieria de Software Empirica, asi como también fécnicas y he-
rramientas de experimentacion y de estudio de casos. La experi-
mentacion es un método que se usa para corresponder ideas o
teorias con la realidad, proporcionando evidencia que soporte las
hipétesis o suposiciones que se creen vdlidas. La experimentacion
en la Ingenieria de Software no ha alcanzado adn la madurez que
tiene la experimentacion en otras disciplinas (por ejemplo, biologia,
quimica, sociologia). Sin embargo, en los Ultimos anos ésta area en
la Ingenieria de Software ha cobrado gran importancia y su activi-
dad ha sido creciente.

Un experimento controlado intenta validar ciertas hipdtesis me-
diante un ambiente creado para tal fin. Para esto se controlan cier-
tas variables (independientes) y se observa el resultado que arrojan
ciertas otras variables (dependientes). Luego, estadisticamente, se
rechazan o aceptan las hipétesis propuestas.

Un estudio de casos es un método de aprendizaje acerca de
un fendmeno; se basa en el entendimiento de dicho fenémeno,
el cual se obtiene a través de la descripcion y andlisis del mismo
dentro de su contexto. Los estudios de casos no generan resulta-
dos sobre las relaciones causales como lo hacen los experimentos
controlados, sino que proporcionan una comprensién mas profun-
da de los fenémenos bajo estudio.

Aqui se presentan dos procesos, uno para realizar experimentos
confrolados y ofro para conducir estudios de casos, Estos procesos
son utilzados por Grupo de Ingenieria de Software de esta Facul-
tad para realizar sus estudios empiricos.

Instituto de Computacion |
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1. Introduccién

Este reporte tiene como objetivo presentar los fundamentos de la
Ingenieria de Software Empirica (ISE), se presentan los conceptos de
experimentos formales (controlados) y estudios de casos. Se pretende
que este documento sea utilizado por Proyectos de Grado de la ca-
rrera Ingenieria en Computacion, Maestrias, Doctorados, etc. que se
encuentran realizando trabajos de ISE con el Grupo de Ingenieria de
Software (GrlS). De esta manera los estudiantes de grado y posgrado
pueden usar este documento como punto de partida para compren-
der la ISE. Ademds, pueden incluir este documento como parte de su
informe de proyecto o su Tesis evitando tener un enfoque distinto de la
ISE en cada Proyecto de Grado y/o Tesis.

Este reporte se basa casi completamente en los libros Experimen-
tation in Software Engineering: An Introduction (18), Basics of Softwa-
re Engineering Experimentation (4), Sofftware Metrics - A Rigorous And
Practical Approach (3) y Case Study Research in Software Engineering
).

En la seccién 2 se presentan los distintos enfoques y estrategias de
la ISE. Una de estas estrategias es la de experimentos formales, estos se
describen en la seccién 3. En la seccién 4 se describe un proceso para
llevar adelante un experimento formal. Otra estrategia esla de Estudios
de Casos, que se describe en la seccidn 5. Por Ultimo en la seccién 6
se describen los trabajos de investigacion que ha llevado adelante el
GrlS en los ultimos anos.

2. Enfoques y Estrategias

La ISE utiliza métodos y técnicas experimentales como instrumen-
tos para la investigacion. La evidencia empirica proporciona un sopor-
te para la evaluacion y validacion de atributos (p.e. costo, eficiencia,
calidad) en varios tipos de elementos de Ingenieria de Software (p.e.
productos, procesos, técnicas, etc.). Se basa en la experimentacion
como método para corresponder ideas o teorias con la realidad, la
cual refiere a mostrar con hechos las especulaciones, suposiciones y
creencias sobre la construccion de software.

Se pueden distinguir dos enfoques diferentes al realizar una inves-
tigacion empirica: el enfoque cudlitativo y el cuantitativo. El enfoque
cualitativo se basa en estudiar la naturaleza del objeto y en interpretar
un fenémeno a partir de la concepciéon gue las personas tienen del
mismo. Los datos que se obtienen de estas investigaciones estan prin-
cipalmente compuestos por texto, graficas e imagenes, entre otros.

El enfoque cuantitativo se corresponde con encontrar una relacion
numeérica entfre dos o mas grupos. Se basa en cuantificar una relacion
o comparar variables o alternativas bajo estudio. Los datos que se ob-
tienen en este tipo de estudios son siempre valores numeéricos, lo que
permite realizar comparaciones y andlisis estadistico.

Es posible utilizar los enfoques cudalitativos y cuantitativos para inves-
tigar el mismo tema, pero cada enfoque responde a diferentes inferro-
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gantes. Se puede considerar que estos enfoques son complementarios
mas que competitivos, ya que el enfoque cualitativo puede ser usado
como base para definir la hipdtesis que luego puede ser correspondi-
da cuantitativamente con la realidad. Cabe destacar que las inves-
tigaciones cuantitativas pueden obtener resultados mas justificables y
formales que los cualitativos.

Hay 3 tipos principales de técnicas o estrategias para la investiga-
cién empirica: las encuestas, los estudios de casos y los experimentos.

Las encuestas se utilizan o bien cuando una técnica o herramienta
ya ha sido usada o antes de comenzar a hacerlo. Son estudios refros-
pectivos de las relaciones y los resulfados de una situaciéon. Se puede
realizar este tipo de investigacion cuando una técnica, o herramienta
ya ha sido utilizada o antes de que ésta sea introducida. Las encues-
tas son realizadas sobre una muestra representativa de la poblacién, y
luego los resultados son generalizados al resto de la poblacién. El am-
bito donde son mds usadas es en ciencias sociales, por ejemplo, para
determinar como la poblacion va a votar en la siguiente eleccion.

En la Ingenieria de Software Empirica las encuestas se utilizan de
forma similar, se obtiene un conjunto de datos de un evento que ha
ocurrido para determinar cémo reacciona la poblacién frente a una
técnica, herramienta o método particular, o para determinar relacio-
nes o tendencias. En un estudio es fundamental seleccionar correcta-
mente las variables a estudiar, pues de ellas dependen los resultados
que se pueden obtener. Si los resultados no permiten concluir sobre los
objetivos del estudio se han elegido mal las variables.

Una de las caracteristicas mas relevantes de las encuestas es que
proveen un gran ndmero de variables para estudiar. Esto hace posible
construir una variedad de modelos y luego seleccionar el que mejor
se ajusta a los propdsitos de |la investigacion, evitando tener que espe-
cular cudles son las variables mas relevantes. Dependiendo del disefo
de la investigacion (cuestionario) las encuestas pueden ser clasifica-
das como cualitativas o cuantitativas.

Los estudios de casos son métodos observacionales, se basan en la
observacion de una actividad o proyecto durante su curso. Son utiliza-
dos para monitorear proyectos, o actividades y para investigar entida-
des o fendmenos en un periodo especifico.

El nivel de control de la ejecucion es menor en los estudios de casos
que en los experimentos. Esto se debe principalmente a que en los
estudios de casos no se controla, sélo se observa, contrario a lo que
ocurre en los experimentos.

Los estudios de casos son muy Utiles en el drea de Ingenieria de Soft-
ware, se usan en la evaluacion industrial de métodos y herramientas.
Ademads, son faciles de planificar aunque los resuttados son dificiles de
generalizar y comprender. Los estudios de casos no manipulan las va-
riables, sino que éstas son determinadas por la situacién que se esta
investigando.

Al igual que las encuestas, los estudios de casos pueden ser clasi-
ficados como cualitativos o cuantitativos dependiendo de lo que se
quiera investigar del proyecto en curso.
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Los experimentos son generaimente ejecutados en un ambiente de
laboratorio, el cual brinda un alto grado de control. El objetivo en un
experimento es manipular una o mas variables y controlar el resto. Un
experimento es una técnica formal, rigurosa y controlada de llevar a
cabo una investigacion.

3. Experimentos Formales

Como se menciond anteriormente, los experimentos son una téc-
nica de investigacion en la cual se quiere tener un mejor control del
estudio y del entorno en el que éste se lleva a cabo.

Los experimentos son apropiados para investigar distintos aspectos
de la IS, como ser: confirmar teorias, explorar relaciones, evaluar la
exactitud de los modelos y validar medidas. Tienen un alto costo res-
pecto de las otfras técnicas de investigacion, pero a cambio ofrecen
un control fotal de la ejecucion y son de fdcil replicacion.

3.1. Terminologia

En esta seccién se presentan los términos mds comunmente usados
en diseno experimental. Se usan dos ejemplos de experimentos a lo
largo de esta seccion para infroducir dichos términos.

En el primer ejemplo se fiene un experimento en el campo de la
medicina, mediante el cual se quiere conocer la efectividad de los
analgésicos en las personas entre 20 y 40 anos de edad, llamado «Efec-
Analgésicos».

En el segundo ejemplo, se quiere conocer la efectividad de 5 téc-
nicas de verificacion sobre un conjunto de programas, llamado «Efec-
Técnicas».

Los objetos sobre los cuales se ejecuta el experimento son llamados
Unidades Experimentales u objetos experimentales. La unidad experi-
mental en un experimento de Ingenieria de Software podria llegar a
ser el proyecto de software como un todo o cualquier producto inter-
medio durante el proceso.

Para Efec-Analgésicos se tiene que la unidad experimental es un
grupo de personas entre 20y 40 anos de edad, en ese grupo de perso-
nas es en donde se observa el efecto de los analgésicos. En el ejemplo
de Efec-Técnicas, se tiene que la unidad experimental es el conjunto
de programas sobre los cuales se aplican las técnicas de verificacion.

Aquellas personas que aplican los métodos o técnicas a las unida-
des experimentales se les llama Sujetos Experimentales. A diferencia
de ofras disciplinas, en la IS los sujetos experimentales tienen un im-
portante efecto en los resultados del experimento, por lo tanto es una
variable que debe ser cuidadosamente considerada.

En Efec-Analgésicos los sujetos son aquellas personas que adminis-
tran los analgésicos a ser consumidos por los pacientes (enfermeros
por ejemplo). Cémo los enfermeros administran los analgésicos a los
pacientes no es algo que se espere vaya a afectar el experimento. La
forma en que un enfermero administra un analgésico a un paciente es
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poco probable que sea diferente a la de otro, y aunque lo fuera, no
se espera que afecte los resultados del experimento.

En Efec-Técnicas los sujetos pueden ser ingenieros que aplican la
técnica en un conjunto particular de programas (unidad experimen-
tal). En este caso, los resultados del experimento podrian diferir mucho
de acuerdo a la formacién y experiencia de los ingenieros, asi como
también la forma en que las técnicas son aplicadas, incluso el estado
de animo del verificador podria influir en los resultados.

El resultado de un experimento es llamado Variable de Respuesta.
Este resultado debe ser cuantitativo. Una variable de respuesta pue-
de ser cualquier caracteristica de un proyecto, fase, producto o recur-
so que es medida para verificar los efectos de las variaciones que se
provocan de una aplicacion a otra. En ocasiones, a una variable de
respuesta se le llama también variable dependiente.

En Efec-Analgésicos la efectividad podria ser medida en el grado
de alivio del dolor en un determinado lapso de fiempo, o bien qué
tan rapido el analgésico alivia el dolor. En ambos casos, la variable
debe ser expresada cuantitativamente. En el primer caso se podria
tener una escala, en la cual cada valor signifique un grado de alivio
del dolor, en el segundo caso, el lapso de tiempo en que el analgésico
es efectivo, se podria medir en minutos.

Para Efec-Técnicas la efectividad podria ser medida de acuerdo a
la cantidad de defectos que encuentra la técnica sobre la cantidad
de defectos totales del software verificado.

Un Parémetro es cualquier caracteristica que permanezca invaria-
ble a lo largo del experimento. Son caracteristicas que no influyen o
que no se desea que influyan en el resulfado del experimento o en
la variable de respuesta. Los resultados del experimento serdn particu-
lares a las condiciones definidas por los pardmetros. El conocimiento
resultante podrd ser generalizado solamente considerando los pard-
metros como variables en sucesivos experimentos y estudiando su im-
pacto en las variables de respuesta.

En el ejemplo de Efec-Analgésicos se tiene que el rango de edades
(entre 20 y 40 anos de edad) es un pardmetro del experimento, los
resultados serdn particulares para el rango establecido.

En Efec-Técnicas un parametro posible es el famano del software a
ser verificado (por ejemplo: que tenga entre 200 y 500 LOCs). Otro pa-
rédmetro para este experimento podria ser la experiencia de los verifi-
cadores, en este caso se podria fijor la experiencia en un determinado
nivel,

Cada caracteristica del desarrollo de software a ser estudiada que
afecta a las variables de respuesta se denomina Factor, Cada factor
tiene varias alternativas posibles. Lo que se estudia, es la influencia de
las alternativas en los valores de las variables de respuesta. Los facto-
res de un experimento son cualquier caracteristica que es intencional-
mente modificada durante el experimento y que afecta su resultado.

El factor en Efec-Analgésicos es «los analgésicos», en Efec-Técnicas
tenemos que el factor es «las técnicas de verificacién». Para ambos
casos el factor se varia intencionalmente (se varia el tipo de analgé-
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sico o tipo de técnica de verificacion) para ver cémo afecta en la
efectividad.

Los posibles valores de los factores en cada unidad experimental
son llamados Alternativas o niveles. En algunos casos también se les
llama tratamientos.

Las alternativas de Efec-Analgésicos son los distintos tipos de anal-
gésicos que se estudian en el experimento (p.e. Aspirina, Zolben, etc).
De igual forma, para Efec-Técnicas las distintas alternativas son los 5
tipos distintos de técnicas que se estudian.

El intento de gjustar determinadas caracteristicas de un experimen-
to a un valor constante no es siempre posible. Es inevitable y a veces
indeseable tener variaciones de un experimento a otro. Estas varia-
ciones son conocidas como Bloqueo de Variables y dan lugar a un
determinado tipo de diseno experimental, llamado block design.

Una variable indeseada para Efec-Analgésicos podria ser el «um-
bral del dolor. Si se aplica una alternativa de analgésico a personas
con umbral del dolor alto y otra alternativa a personas con umbral del
dolor bajo, se tendria una variacion indeseada, ya que la efectividad
que se mida de los distintos tipos de analgésico va a variar no solamen-
te por el tipo de analgésico administrado sino por el nivel de umbral del
dolor del paciente al cual se lo administra.

En el caso de Efec-Técnicas, podria resultar que la experiencia de
los verificadores resultase una variacion indeseada si no se la tiene en
cuenta previamente. Una forma de bloquear la experiencia en veri-
ficacion podria ser dividir a los participantes en dos grupos: uno de
verificadores experientes y otro sin experiencia.

Cada ejecucion del experimento que se redliza en una unidad ex-
perimental es llamada experimento unitario o experimento elemental.
Lo que significa que cada aplicacion de una combinacion de alter-
nativas de factores por un sujeto experimental en una unidad experi-
mental es un experimento elemental.

Un experimento elemental es cada terna <analgsico;, enfermeroy,
paciente,> para el ejemplo de Efec-Analgésicos. Para el ejemplo de
Efec-Técnicas seria la terna <tcnica;, veri ficador;, software,>.

La figura 1 ilustra la interaccion entre los distintos tipos de compo-
nentes de un experimento.

3.2. Principios generales de diseno

Muchos aspectos deben ser tenidos en cuenta cuando se disefia
un experimento. Los principios generales de disefo son: aleatoriedad,
bloqueo y balance. A continuacién se describe en qué consiste cada
principio.

Aleatoriedad: el principio de aleatoriedad es uno de los principios
de diseno mds importantes. Todos los métodos de andlisis estadisti-
co requieren que las observaciones sean de variables independientes
aleatorias. Por consiguiente, tanto las alternativas de los factores como
los sujetos tienen que ser elegidos de forma aleatoria, ya que los sujetos
tienen un impacto critico en el valor de las variables de respuesta.
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Figura 1: Componentes en un experimento de Ingenieria de Software

La aleatoriedad que se puede aplicar a un experimento también
depende del tipo de diseno que se haya elegido. Por ejemplo, si se
tienen dos factores A y B, cada uno con dos posibles alternativas (al,
a2, bl y b2), las altemativas deben ser combinadas de la siguiente
forma: albl, alb2, a2bl, a2b2, ya que cuando se tienen dos factores
se quiere observar el efecto de cada alternativa por separado y de la
interaccién entre ambas.

Esta combinacion de alternativas es especificada por el tipo de di-
seno experimental que se eligid. Sin embargo, las cuatro combinacio-
nes deben ser asignadas de forma aleatoria a los proyectos y sujetos,
y es ahi en donde la aleatoriedad se aplica.

Bloqueo: la técnica de bloqueo se usa cuando se tienen factores
que probablemente tengan efectos indeseados en las variables de
respuesta y éstos efectos son conocidos y controlables.

Como se mencionaba en el ejemplo de Efec-Técnicas en la sec-
cién anterior, algunos verificadores podrian tener experiencia en el uso
de las técnicas de verificacion y otros no. Entonces, para minimizar el
efecto de la experiencia, se agrupan a los participantes en dos gru-
pos, uno con verificadores experientes y otro sin experiencia.

Balance: el balance es deseable ya que simplifica y fortalece el
andlisis estadistico de los datos, aunque no es necesario. Tomando co-
mo ejemplo el experimento de Efec-Analgésicos nuevamente, seria
deseable que la cantidad de personas a las cuales se les administra
Zolben sea igual a la cantidad de personas que se les administra Aspi-
rina.

3.3. Tipos de Diseno

En el proceso del diseno experimental, primero se debe decidir (ba-
sandose en los objetivos del experimento) a qué factores y alternati-
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vas estardn sujetas las unidades experimentales y qué pardmetros de-
ben ser establecidos. Luego, se debe examinar si existe la posibilidad
de que algunos de los pardmetros no pueda mantenerse en un valor
constante, en ese caso se debe tener en cuenta cualquier variacion
indeseable. Finalmente, se debe elegir qué variables de respuesta se-
ran medidas y cudles serdn los objetos y sujetos experimentales.

Teniendo establecidos los paradmetros, factores, variables de blo-
queo y variables de respuesta, se debe elegir el tipo de diseno expe-
rimental, en el cual se establece cudntas combinaciones de experi-
mentos unitarios y altemnativas deben haber.

Los distintos tipos de disefo experimental dependen del objetivo del
experimento, del nimero de factores, de las alternativas de los facto-
res y de la cantidad de variaciones indeseadas, entre otros.

Los tipos de diseno experimental se dividen en disefios de un solo
factor y disefios de mdltiples factores. A continuacion se profundiza en
los experimentos de un solo factor.

3.3.1. Diseno de un solo factor (One-Factor Design)

Para experimentos con un solo factor existen distintos tipos de di-
senos estandar, los principales son: los completamente aleatorios y los
aleatorios con comparacion por pares.

Los disefios completamente aleatorios son los tipos de diseno mas
simples, en los cuales se intenta comparar dos o0 mas alternativas apli-
cadas a un determinado nimero de unidades experimentales, en
donde cada unidad experimental se ve afectada una unica vez, y
por ende, por una sola alternativa. La asignacion de las alternativas a
los experimentos debe ser de forma aleatoria para asegurar la validez
del andlisis de datos.

Tomando como ejemplo Efec-Técnicas y suponiendo que el con-
junto de programas sobre el cual se quiere conocer la efectividad de
las técnicas lo componen diez programas distintos, se tendria que asig-
nar las técnicas y los ingenieros de forma aleatoria alos programas que
se vayan a verificar,

Una posible asignacion aleatoria seria tener en una bolsa los nom-
bres de todas las técnicas de verificacion a aplicar, en donde la pri-
mera que se extraiga se aplique al programa P, la segunda a P y asi
hasta el programa P,. Luego de tener las duplas Programa-Técnica,
efectuar la misma asignacion aleatoria con los participantes: el primer
participante extraido se lo asigna la dupla (P, T,), el segundo a la du-
pla (P, T,), y asi sucesivamente.

El andlisis estadistico que se puede hacer a este tipo de experimen-
tos varia segun si se aplican 2 o mas alternativas para el factor.

Los disenos aleatorios con comparacion por pares tienen como ob-
jetivo encontrar cudl es la mejor alternativa respecto de una determi-
nada variable de respuesta. Estos tipos de disefio tienen la particula-
ridad de que las alternativas se aplican al mismo experimento, instan-
ciado en mas de una unidad experimental.

Para el experimento de Efec-Técnicas no seria una buena decision
que cada ingeniero verificara 2 veces el missno programa. En la segun-
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da instancia de verificacion, elingeniero posee conocimiento tanto de
los defectos del programa como de la tarea de verificar propiamente
dicha (aunque sea con una técnica distinta). Por esto, para compa-
rar las dos técnicas, ambas tienen que ser aplicadas por primera vez
por ingenieros distintos, pero con similares caracteristicas (ya que en-
contrar uno igual es imposible). La alternativa que debe aplicar cada
ingeniero al programa debe ser asignada de forma aleatoria y no de-
be verificar un mismo programa mas de una vez.

En este tipo de disefios se bloquean cierto tipo de variables que
representan restricciones en la aleatoriedad que se le puede dar. To-
mando como ejemplo nuevamente a Efec-Técnicas, si un verificador
sin experiencia aplica mas de una técnica durante el experimento, no
seria deseable asignar al azar la técnica que cada verificador aplica
en cada verificacion.

Existe un efecto de aprendizaje en el cual, luego de que un verifica-
dor ejecutd una verificacion, éste generd conocimiento sobre la verifi-
cacién en si, independientemente de la técnica que haya aplicado,
y éste conocimiento influye significativamente en la segunda instan-
cia de verificacion que vaya a aplicar. Por tanto, la aleatoriedad en
el orden de la asignaciéon de técnicas en este ejemplo no es del fodo
deseable.

4. Proceso Experimental

Como se menciond anteriormente, los experimentos son una téc-
nica de investigacion en la cual se quiere tener un mejor control del
estudio y del entorno en el que éste se lleva a cabo.

Los experimentos son apropiados para investigar distinfos aspectos
de la IS, como ser: confirmar teorias, explorar relaciones, evaluar la
exactitud de los modelos y validar medidas. Tienen un alto costo res-
pecto de las ofras técnicas de investigacion, pero a cambio ofrecen
un control total de la ejecucién y son de fé&cil replicacion.

El proceso para llevar a cabo un experimento estd formado por va-
rias fases: definicion, planificacion, operacién, andlisis € interpretacion
y presentacion.

La primer fase es la de definicién, en donde se define el experimen-
to en términos del problema, objetivos y metas. La siguiente fase es la
planificacién, en la cual se determina el diseno del experimento. En la
fase de operacion se ejecuta el disefo del experimento, en donde se
recolectan los datos que serdn analizados posteriormente en la fase
de andlisis e interpretacion. En esta dltima fase, conceptos estadisti-
cos son aplicados para analizar los datos. Por Gltimo, se muestran los
resultados obtenidos en la fase de presentacion.

En la figura 2 se muestra una vision general de todo el proceso. Ca-
da una de las fases que lo componen se detallan a continuacion.

4.1. Definicién

En la fase de Definicién se determinan las bases del experimento,
que se ilustra en la figura 3. Para ello se debe definir el problema que
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Figura 2: Vision general del Proceso Experimental

se quiere resolver, propdsito del experimento y los objetivos y metas
del mismo.

Figura 3: Fase de Definicion del Experimento

Para el planteo del objetivo del experimento se debe definir el ob-
Jjeto de estudio, que es la entidad que va a ser estudiada en el expe-
rimento. Puede ser un producto, proceso, recurso u ofro. También se
debe establecer el propdsito: la intencién del experimento. Por ejem-
plo, evaluar diferentes técnicas de verificacion.

Se debe definir ademds el foco de calidad, que refiere al efecto
primario que esta bajo estudio, ejemplos son la efectividad y el costo
de las técnicas de verificacion. El proposito y el foco de calidad son las
bases para las hipdtesis del experimento.

Otro aspecto que debe estar presente es la perspectiva, que refiere
al punto de vista con que los resultados obtenidos son interpretados.
Por ejemplo, los resultados de la comparacion de técnicas de verifica-
cién pueden verse desde la perspectiva de un experimentador, de un
investigador o de un profesional. Un experimentador verd el estudio co-
mo una demostracion de como una técnica de verificaciéon puede ser
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evaluada. Un investigador puede ver el estudio como una base empi-
rica para refinar teorias sobre la verificacion de software, enfocdndose
en los datos que apoyan o refutan estas teorias. Un profesional puede
ver el estudio como una fuente de informacién sobre qué técnicas de
verificaciéon deberian aplicarse en la practica.

Junto con los aspectos mencionados se debe definir el contexto,
que es el ambiente en el que se ejecuta el experimento. En este punto
se deben definir los sujetos que van a llevar a cabo el experimento y
los artefactos que son utilizados en la ejecucion del mismo. Se puede
caracterizar el contexto de un experimento segin el nimero de sujetos
y objetos definidos en él: un solo objeto y un solo sujeto, un solo sujeto
a través de muchos objetos, un solo objeto a través de un conjunto de
sujetos, o un conjunto de sujetos y un conjunto de objetos.

4.2. Planificaciéon

La planificacién es la fase en la que se define como se va a llevar
a cabo el experimento. Esta fase consta de las etapas: seleccion del
contexto, formulacion de las hipdtesis, eleccion de las variables, selec-
cion de los sujetos, disefio del experimento, instrumentacion y evalua-
cién de la validez, que se muestran en la figura 4.

Seleccion del
Contexto
Formulacién de
as hipotesis

variables

Seleccion de
los sujetos
Diseo del

Experimento

Instrumenta-
Evaluacién de
la Validez

Disenc del
Experimento

Figura 4: Fase de Planificacion del Experimento

La etapa de seleccidn del contexto es la etapa inicial de la plani-
ficacion. En esta etapa se amplia el contexto definido en la etapa de
Definicién, especificando claramente las caracteristicas del ambiente
donde ejecuta el experimento. Se define si el experimento se va a rea-
lizar en un proyecto real (en linea, on-line) o en un laboratorio (fuera
de lineq, offline), caracteristicas de los sujetos y si el problema es «real»
(problema existente en la industria) o «de juguete». También se debe
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definir si el experimento es valido para un contexto especifico o para
un dominio general de la Ingenieria de Software.

Una vez que los objetivos estén claramente definidos se pueden
transformar en una hipdtesis formal. La formulacion de las hipdtesis es
una fase muy importante dentro de la etapa de planificacion, ya que
la verificacion de la misma es la base para el andlisis estadistico. En
esta fase se formaliza la definicion del experimento en la hipdtesis.

Usualmente se definen dos hipdtesis, la hipdtesis nula y la hipotesis
alternativa. La hipdtesis nula, denotada H, asume que no hay una di-
ferencia significativa entre las alternativas, con respecto a las variables
dependientes que se estan midiendo. Establece que si hay diferencias
entre las observaciones realizadas, éstas son por casualidad, no pro-
ducto de la alternativa aplicada. Esta hipdtesis se asume verdadera
hasta que los datos demuestren lo contrario, por o que el foco del ex-
perimento estd puesto en rechazarla. Un ejemplo de hipdtesis nula es:
«No hay diferencia en la cantidad de defectos encontrados por las
técnicas de verificacion».

En cambio la hipdtesis alternativa, denotada H,, afirma que existe
una diferencia significativa entre las alternativas con respecto alas va-
riables dependientes. Establece que las diferencias encontradas son
producto de la aplicacién de las alternativas. Esta es la hipdtesis a pro-
bar, para esto se debe determinar que los datos obtenidos son lo sufi-
cientemente convincentes para desechar la hipdtesis nula y aceptar
la hipétesis alternativa. Un ejemplo de hipoétesis alternativa es, si se es-
tan comparando dos técnicas de verificacion, decir que una encuen-
tra mds defectos que la otra. En caso de haber mds de una hipdtesis
alternativa se denotan secuencialmente: Hy, Hs, Hy, ..., H,.

Una vez definida la hipdtesis, se debe identificar qué variables afec-
tan a la/s alternativa/s. Luego de identificadas las variables se debe
decidir el control a ejercer sobre las mismas.

La seleccion de las variables dependientes como la de las inde-
pendientes estan relacionadas, por lo que en muchos casos se realizan
en simultdneo. Seleccionar estas variables es una tarea muy compleja,
que en ocasiones implica conocer muy bien el dominio. Es importante
definir las variables independientes y analizar sus caracteristicas, para
asi investigar y controlar los efectos que ejercen sobre las variables de-
pendientes. Se deben identificar las variables independientes que se
pueden controlar y las que no. Ademds, se deben identificar las varia-
bles dependientes, mediante las cuales se mide el efecto de las alter-
nativas. Generalmente hay sélo una variable dependiente y se deriva
de la hipétesis.

Otro aspecto importante al llevar a cabo un experimento es la se-
leccidn de los sujetos. Para poder generalizar los resultados al resto de
la poblacion, la seleccidén debe ser una muestra representativa de la
mismna. Cuanto mas grande es la muestra, menor es el error al generali-
zar los datos. Existen dos tipos de muestras que se pueden seleccionar:
la probabilistica, donde se conoce la probabilidad de seleccionar ca-
da sujeto; y la no-probabilistica, donde esta probabilidad es descono-
cida.
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Luego de definir el contexto, formalizar las hipotesis, y seleccionar
las variables y los sujetos, se debe disenar el experimento. Es muy im-
portante planear y disefiar cuidadosamente el experimento, para que
los datos obtenidos puedan ser interpretados mediante la aplicacion
de métodos de andlisis estadisticos.

Para comenzar a disefnar un experimento se debe elegir el diseno
adecuado. Se debe planificar y disefiar el conjunto de las combinacio-
nes de alternativas, sujetos y objetos, que conforman los experimentos
unitarios. Se describe como estos experimentos unitarios deben ser or-
ganizados y ejecutados.

La eleccién del disefio del experimento afecta el andlisis estadistico
y viceversa, por lo que al elegir el diseno del experimento se debe
tener en cuenta qué andlisis estadistico es el mejor para rechazar la
hipétesis nula y aceptar la alternativa.

Luego de disenar el experimento y antes de la ejecucion es nece-
sario contar con todo lo necesario para la correcta ejecucion del mis-
mo. La instrumentacién involucra, de ser necesario, capacitacion a los
sujetos, preparacion de los artefactos, construccion de guias, descrip-
cién de procesos, planillas y herramientas. También implica configu-
rar el hardware, mecanismos de consultas y experiencias piloto, entre
otros. La finalidad de esta fase es proveer todo lo necesario para la
redlizacién y monitorizacion del experimento.

4.3. Evaluacion de la Validez

Una pregunta fundamental antes de pasar a ejecutar el experimen-
to es cudn vdlidos serian los resultados. Existen cuatro categorias de
amenazas a la validez: validez de la conclusion, validez interna, vali-
dez del constructo y validez externa.

Las amenazas que afectan la validez de la conclusidn refieren a
las conclusiones estadisticas. Amenazas que afecten la capacidad de
determinar si existe una relacién entre la alternativa y el resultado, vy si
las conclusiones obtenidas al respecto son vdlidas. Ejemplos de estas
son la elecciéon de los métodos estadisticos, y la eleccion del tamano
de la muestra, enfre otros.

Las amenazas que influyen en la validez interna son aquellas referi-
das a observar relaciones entre la alternativa y el resultado que sean
producto de la casualidad y no del resultado de la aplicaciéon de un
factor. Esta «casualidad» es provocada por elementos desconocidos
que influyen sobre los resultados sin el conocimiento de los investigado-
res. Es decir, la validez interna se basa en asegurar que la alternativa
en cuestion produce los resultados observados.

La validez del constructo indica cémo una medicidn se relaciona
con otras de acuerdo con la teoria o hipdtesis que concierne a los
conceptos que se estdn midiendo. Un ejemplo se puede observar al
momento de seleccionar los sujetos en un experimento. Si se utiliza co-
mo medida de la experiencia del sujeto el nimero de cursos que tiene
aprobados en la universidad, no se esta utilizando una buena medida
de la experiencia. En cambio, una buena medida puede ser utilizar la
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cantidad de anos de experiencia en la industria o una combinacion
de ambas cosas.

La validez externa esta relacionada con la habilidad para genera-
lizar los resultados. Se ve afectada por el disefio del experimento. Los
tres riesgos principales que tiene la validez externa son: tener los par-
ticipantes equivocados como sujetos, ejecutar el experimento en un
ambiente erréneo y realizar el experimento en un momento que afec-
te los resultados.

4.4. Operacion

Luego de disenar y planificar el experimento, éste debe ser ejecu-
tado para recolectar los datos que se quieren analizar. La operacion
del experimento consiste en tres etapas: preparacion, ejecucion y la
validacion de los datos, que se muestran en la figura 5.

Disefio del

Qmmemo

Validacion de f—
los Datos EXDQW

Figura 5: Fase de Operacion del Experimento

En la etapa de preparacion se seleccionan los sujetos y se preparan
los artefactos a ser utilizados.

Es muy importante que los sujetos estén motivados y dispuestos a
redlizar las actividades que les sean asignadas, ya sea que tengan
conocimiento o no de su participacion en el experimento, Se debe
intentar obtener consentimiento por parte de los participantes, que
deben estar de acuerdo con los objetivos de la investigacion. Los re-
sultados obtenidos pueden volverse invdlidos si los sujetos al momento
que deciden participar no saben lo que tienen que hacer o fienen un
concepto ermréneo.

Es importante considerar la sensibilidad de los resultados que se ob-
tienen de los sujetos, por ejemplo: es importante asegurar a los partici-
pantes que los resultados obtenidos sobre su rendimiento se mantienen
en secreto y no se usaran para perjudicarios en ningdn sentido. Se de-
be tener en cuenta también los incentivos, ya que ayudan a motivar
a los sujetos, pero se corre el riesgo de que participen sdlo por el in-
centivo, lo que puede ser perjudicial para el experimento, En caso de
no tener otra alternativa que no sea enganar a los sujetos, se debe
procurar explicar y revelar el engano lo mas temprano posible.

Como se vio en la instrumentacion, para que los sujetos comiencen
la ejecucién es necesario tener prontos todos los instrumentos, formu-
larios, herramientas, guias y ofros artefactos que sean necesarios pa-
ra la ejecucién del experimento. Muchas veces se debe preparar un
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conjunto de instrumentos especial para cada sujeto y otras se utiliza el
mismo conjunto de artefactos para todos los sujetos.

Existen muchas formas distintas de ejecutar los experimentos, la du-
racién varia desde dias hasta anos.

Los datos pueden ser recolectados de las siguientes formas:

= Manualmente mediante el llenado de formularios por parte de
los sujetos.

= Manualmente soportado por herramientas.
s Mediante entrevistas.
= Automdticamente por herramientas.

La primera es la forma mds comin y no requiere mucho esfuerzo
por parte del experimentador. Tanto en los formularios como en los
métodos soportados por herramientas no es posible identificar incon-
sistencias o defectos hasta que no se recolecte la informacién, o hasta
que los sujetos los descubran. En las entrevistas, el contacto con los su-
jetos es mucho mayor permitiendo una mejor comunicacion con ellos
durante la recoleccién de datos. Este método es el que requiere mas
esfuerzo por parte del investigador.

Un aspecto muy importante ala hora de ejecutar los experimentos
es el ambiente de ejecucion, tanto si el experimento se redliza dentro
de un proyecto de desarrollo comun o si se crea un ambiente ficticio
para su ejecucion. En el primer caso el experimento no deberia afectar
el proyecto mds de lo necesario, ya que la razdén de realizar el expe-
rimento dentro de un proyecto es ver los efectos de las alternativas
en el ambiente del proyecto. Si el experimento cambia demasiado el
ambiente del proyecto, éstos efectos se perderian.

Cuando se obtienen los datos, se debe chequear que fueron re-
colectados correctamente y que son razonables. Algunas fuentes de
error son que los sujetos llenen mal sus planillas, © no recolecten los
datos seriamente, lo que hace que se descarten datos. Es importante
revisar que los sujetos hagan un frabajo serio y responsable y que apli-
quen las alternativas en el orden correcto, en otras palabras: que el
experimento sea ejecutado en la forma en que fue planificado. De lo
contrario los resultados podrian ser invdlidos.

4.5. Andlisis e Interpretacion

Luego de que finaliza la ejecucion del experimento y se cuenta
con los datos recolectados, comienza la fase de andlisis de los mismos
conforme a los objetivos planteados.

Un aspecto importante a considerar en el andlisis de los datos es
la escala de medida. La escala de medida utilizada para recolectar
los datos restringe el tipo de cdiculos estadisticos que se pueden rea-
lizar. Una medida es un mapeo de un atributo de una entidad a un
valor de medida, por lo general un valor numérico. Las entidades son
objetos que se observan en la realidad, por ejemplo, una técnica de
verificacién.
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El propdsito de mapear los atributos en un valor de medida es ca-
racterizar y manipular los atributos formalmente. La medida seleccio-
nada debe ser vdlida, por tanto, no debe violar ninguna propiedad
necesaria del afributo que mide, y debe ser una caracterizaciéon ma-
temdtica adecuada del atributo.

El mapeo de un atributo a un valor de medida puede realizarse de
varias formas. Cada tipo de mapeo posible de un atributo se conoce
como escala. Los tipos mds comunes de escala son:

= Escala Nominal.- Es la menos poderosa de las escalas. Solo ma-
pea el atributo de la entidad en un nombre o simbolo. El mapeo
puede verse como una clasificacién de las enfidades acorde al
atributo. Ejemplos de escala nominal son clasificaciones, etique-
tados, entre otras.

Escala Ordinal.- La escala ordinal categoriza las entidades segin
un criterio de ordenacién. Es mds poderosa que la escala nomi-
nal. Ejemplos de criterios de ordenacién son «mayor que», «smejor
que» y «mas complejo». Ejemplos de escala nominal son grados,
complejidad del software, entre ofras.

= Escala de intervalo.- La escala de intervalo se utiliza cuando la
diferencia entre dos medidas es significativa, pero no el valor en
si mismo. Este tipo de escala ordena los valores de la misma forma
que la escala ordinal, pero existe la nocién de «distancia relativa»
entre dos entidades. Esta escala es mds poderosa que la ordinal.
Ejemplos de escala de intervalo son la temperatura medida en
Celsius o Fahrenheit.

= Escala ratio (cociente de dos ndmeros).- Si existe un valor cero sig-
nificativo y la division entre dos medidas es significativa, se puede
utilizar una escala ratio. Ejemplos de escala ratio son distancia,
temperatura medida en Kelvin, etc.

Después de obtener los datos es necesario interpretarlos para llegar
a conclusiones vdlidas. La interpretacion se redliza en tres etapas: ca-
racterizar el conjunto de datos usando estadistica descriptiva, reduc-
cién del conjunto de datos y realizaciéon de las pruebas de hipdtesis
que se ilustran en la figura 6.

Estadisticas

Descriptivas

Reduecion del
Conjunto de Datos

Testde K
-

Figura 6: Fase de Andilisis e Interpretacion de los Datos del Experimento
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4.5.1. Estadistica Descriptiva

La estadistica descriptiva se utiliza antes de la prueba de hipdtesis,
para entender mejor la naturaleza de los datos y para identificar datos
falsos o anormales. Los aspectos principales que se examinan son: la
tendencia central, la dispersidn y la dependencia. A continuacién se
presentan las medidas mds comunes de cada uno de estos aspectos.
Para ello se asume que existen x; ...z, muestras.

Las medidas de tendencia central indican «el medio» de un conjun-
to de datos. Entre las medidas mdas comunes se encuentran: la media
aritfmética, la mediana y la moda.

La media aritmética se conoce como el promedio, y se calcula su-
mando todas las muestras y dividiendo el total por el nimero de mues-
fras:

T=-) & m

La media, denotada &, resume en un valor las caracteristicas de
una variable tfeniendo en cuenta a todos los casos. Es significativa para
las escalas de intervalo y ratio.

La mediana, denotada #, representa el valor medio de un conjunto
de datos, tal que el nimero de muestras que son mayores que la me-
diana es el mismo que el nimero de muestras que son menores que la
mediana. Se calcula ordenando las muestras en orden ascendente o
descendente, y seleccionando la observacion del medio. Este cdlcu-
lo estd bien definido si » es impar. Si n es par, la mediana se define
como la media aritmética de los dos valores medios. Esta medida es
significativa para las escalas ordinal, de intervalo y ratio.

La moda representa la muestra mdés comun. Se calcula contando
el nimero de muestras para cada valor Gnico y seleccionando el valor
con mas cantidad. La moda esta bien definida si hay solo un valor mas
comun que los otros. Si este no es el caso, se calcula como la mediana
de las muestras mas comunes. La moda es significativa para las escalas
nominal, ordinal, de intervalo y ratio.

La media aritmética y la mediana son iguales si la distribucion de
las muestras es simétrica. Si la distribucion es simétrica y tiene un Unico
valor méximo, las tres medidas son iguales.

Las medidas de tendencia central no proveen informacién sobre la
dispersion del conjunto de datos. Cuanto mayor es la dispersion, mas
variables son las muestras, cuanto menor es la dispersion, mdas homo-
géneas a la media son las muestras.

Las medidas de dispersion miden el nivel de desviacion de la ten-
dencia central, o sea, que tan diseminados o concentrados estan los
datos respecto al valor central. Entre las principales medidas de disper-
sion estan: la varianza, la desviacion estandar, el rango y el coeficiente
de variacion.

La varianza (s%) que presenta una distribucion respecto de su media
se calcula como la media de las desviaciones de las muestras respec-
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to a la media aritmética. Dado que la suma de las desviaciones es
siempre cero, se foman las desviaciones al cuadrado:

n
2= = i 3 Z (i — i‘)z )
=1
Se divide por n — 1 y no por n, porque dividir por n — 1 provee a
la varianza de propiedades convenientes. La varianza es significativa
para las escalas de intervalo y ratio.
La desviacion estandar, denotada s, se de
ne como la raiz cuadrada de la varianza:

@

A menudo esta medida se prefiere sobre la varianza porque tie-
ne las mismas dimensiones (unidad de medida) que los valores de las
muestras. En cambio, la varianza se mide en unidades cuadraticas. La
desviacion estandar es significativa para las escalas de intervalo y ra-
tio.

La dispersion también se puede expresar como un porcentaje de la
media. Este valor se llama coeficiente de variacion, y se calcula como:

100-2 @
x

Esta medida no tiene dimension y es significativa para la escala ra-
tio. Permite comparar la dispersion o variabilidad de dos o mds grupos.

El rango de un conjunto de datos es la distancia entre el valor ma-
ximo y el minimo:

range = Tmar — Tmin ®

Es una medida significativa para las escalas de intervalo y ratio.
Cuando el conjunto de datos consiste en muestras relacionadas de
a pares (xi; yi) de dos variables, X e Y, puede ser interesante exami-
nar la dependencia entre estas variables. Las principales medidas de
dependencia son: regresion lineal, covarianza y el coeficiente de co-
rrelacion lineal.

4.5.2. Reduccién del Conjunto de Datos

Para las pruebas de hipdtesis se utilizan métodos estadisticos. El re-
sultado de aplicar estos métodos depende de la calidad de los datos.
Si los datos no representan lo que se cree, las conclusiones que se deri-
van de los resultados de los métodos son incorrectas. Errores en el con-
junto de datos pueden ocurrir por un error sistemdatico, o por lo que se
conoce en estadistica con el nombre de outlier. Un outlier es un dato
mucho mds grande o mucho mds chico de lo que se puede esperar
observando el resto de los datos.

Las estadisticas descriptivas se ven fuertemente influenciadas por
aquellas observaciones que su valor dista significativamente del resto
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de los valores recolectados. Estas observaciones llevan el nombre de
outliers.

Los outiliers influencian las medidas de dispersion, aumentando la
variabilidad de lo que se estd midiendo. En algunos casos se realiza un
andlisis acerca de estos valores que difieren mucho de la media y se
decide quitarlos de los datos a andalizar porque no son representativos
de la poblacién, ya que fueron causados por algdn tipo de anomalia:
errores de medicion, variaciones no deseadas en las caracteristicas de
los sujetos, entre otfras.

Quitar outliers requiere de un andlisis pormenorizado, por quitar
outliers se demoré en detectar el agujero de la capa de ozono. !

Una vez identificado un outlier se debe identificar su origen para
decidir gué hacer con él. Si se debe a un evento raro o extrano que no
volverd a ocurrr, el punto puede ser excluido. Si se debe a un evento
extrano que puede volver a ocurrir, no s aconsejable excluir el valor
del andlisis, pues tiene informacién relevante. Si se debe a una varia-
ble que no fue considerada, deberia ser considerado para basar los
cdlculos y modelos también en esta variable.

45.3. Pruebas de Hipdtesis

El objetivo de la prueba de hipdtesis es ver si es posible rechazar
cierta hipdtesis nula Hy. Si la hipdtesis nula no es rechazada, no se
puede decir nada sobre los resultados. En cambio, si es rechazada,
se puede declarar que la hipdtesis es falsa con una significancia dada
(). Este nivel de significancia también es denominado nivel de riesgo
o probabilidad de error, ya que se corre el riesgo de rechazar la hi-
potesis nula cuando en realidad es verdadera. Este nivel esta bajo el
control del experimentador,

Para probar H, se define una unidad de prueba ¢ y un drea critica

7, la cual es parte del area sobre la que varia t. A partir de estas defi-
niciones se formula la prueba de significancia de la siguiente forma:

= Sit e C', rechazar Hy
= Sit ¢ C', norechazar Hy

Por ejemplo, un experimentador observa la cantidad de defectos
detectados por LOC de una técnica de verificacion desconocida ba-
jo determinadas condiciones, y quiere probar que no es la técnica
B, de la cual sabe que en las mismas condiciones (programa, verifi-
cador, etc.) detecta 1 defecto cada 20 LOC. El experimentador sa-
be que también pueden haber otras técnicas que detecten 1 de-
fecto cada 20 LOC. A partir de esto se define la hipdtesis nula: “Hg:
La técnica observada es la B”. En este ejemplo, la unidad de prue-
ba t es cada cuantos LOC se detecta un defecto y el area critica es

En 1985 los cientificos briténicos anunciaron un agujero en la capa de ozono sobre
el polo sur. El reporte fue descartado ya que observaciones mas completas, obtenidas
por instrumentos satelitales. no mostraban nada inusual. Luego. un andlisis mas exhausfi-
vo reveld que las lecturas de ozono en el polo sur eran tan bajas que el programa que las
analizaba las habia suprimido automdticamente como outliers en forma equivocada.
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C ={1,2,3,...,19,21,22,...}. La prueba de significancia es: sit < 19 o
t > 21, rechazar Hy, de lo contrario no rechazar Hy.

Si se observa que t = 20, la hipdtesis no puede ser rechazada ni se
pueden derivar conclusiones, pues pueden haber otras técnicas que
detecten un defecto cada 20 LOC.

El érea critica, C, puede tener distintas formas, lo mas comun es que
tenga forma de intervalo, por ejemplo: t < a 0 t > b. Si C' consiste en
uno de estos intervalos es unilateral. Si consiste de dos intervalos (t < a,
t > b, donde a < b), es bilateral.

Hay varios métodos estadisticos, de aqui en adelante denotados
tests, que pueden utilizarse para evaluar los resultados de un experi-
mento, mds especificamente para determinar si se rechaza la hipdte-
sis nula. Cuando se lleva a cabo un fest es posible calcular el menor
valor de significancia posible (denotado p-valor) con el cual es posi-
ble rechazar la hipdtesis nula. Se rechaza la hipdtesis nula si el p-valor
asociado al resulfado observado es menor o igual que el nivel de sig-
nificancia establecido.

Las siguientes son tres probabilidades importantes para la prueba
de hipoétesis:

= o = P(cometer el error fipo |) = P(rechazar H, | H, es verdadera).
Es la probabilidad de rechazar H, cuando es verdadera.

n 3 = P(cometer el error tipo Il) = P(no rechazar Hy | Hy es falsa). Es
la probabilidad de no rechazar H, cuando es falsa.

s Poder = 1- 3 = P(rechazar Hy | H, es falsa). El poder de prueba es
la probabilidad de rechazar H, cuando es falsa.

El experimentador deberia elegir un test con un poder de prueba
tan alto como sea posible. Hay varios factores que afectan el poder
de un test. Primero, el test en si mismo puede ser més o menos efec-
tivo. Segundo, la cantidad de muestras: mayor cantidad de muestras
equivale a un poder de prueba mas alto. Otro aspecto es la seleccion
de una hipétesis alternativa unilaterial o bilateral. Una hipdtesis unilate-
ral da un poder mayor que una bilateral.

La probabilidad de cometer un error tipo | se puede controlar y re-
ducir. Si la probabilidad es muy pequena, sélo se rechazara la hipdtesis
nula si se obtiene evidencia muy contundente en contra de esta hi-
potesis. La probabilidad maxima de cometer un error tipo | se conoce
como la significancia de la prueba (a).

Los valores de uso mdas comun para la significancia de una prueba
son 0.01,0.05 y 0.10. La significancia es en ocasiones presentada como
un porcentaje, tal como 1%, 5% o 10%. Esto quiere decir que el expe-
rimentador estd dispuesto a permitir una probabilidad de 0.01, 0.05, o
0.10 de rechazar la hipdtesis nula cuando es cierta, o sea, de cometer
un error tipo |.

El valor de la significancia es seleccionado antes de comenzar a
hacer el experimento en una de varias formas.

El valor de o puede estar establecido en el drea de investigacion,
por ejemplo: se puede obtener de articulos que se publican en revistas
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cientificas. Otra forma de seleccionarlo es que sencillamente sea im-
puesto por la persona o compania para la cual se trabaja. Finalmente,
puede ser seleccionado tomando en cuenta el costo de cometer un
error tipo |. Mientras mds alto el costo, mas pequena debe ser la proba-
bilidad o de cometer un error tipo |. El valor usual de o en las ciencias
naturales y sociales es de 0.05. En Ingenieria de Software, el valor de a
adn no se encuentra establecido.

Existen dos tipos de tests: paramétricos y no paramétricos. Los tests
paramétricos estan basados en un modelo que involucra una distribu-
cién especifica. En la mayoria de los casos, se asume que algunos de
los parametros involucrados en un test paramétrico estan normalmen-
te distribuidos. Los tests paramétricos también requieren que los para-
metros puedan ser medidos al menos en una escala de intervailo. Si los
parédmetros no pueden medirse en al menos una escala de intervalo,
generalmente no se puede ufilizar un test paramétrico. En este caso
hay un amplio rango de tests no paramétricos disponible.

Los tests no paramétricos no asumen lo mismo respecto a la distri-
bucién de los paradmetros, son mds generales que los paramétricos. Un
test no paramétrico se puede utilizar en vez de un test paramétrico,
pero el caso inverso no siempre puede darse.

En la eleccion entre un test paramétrico y un test no paramétrico
hay dos aspectos a considerar:

s Aplicabilidad.- Es importante que las suposiciones en cuanto a las
distribuciones de parédmetros y las que conciernen a las escalas
sean redlistas.

= Poder.- El poder de los tests paramétricos es generalmente mayor
que el de los tests no paramétricos. Por lo tanto, los test paramé-
tricos requieren menos datos (experimentos mas pequenos), que
los tests no paramétricos, siempre que sean aplicables.

Aungue es un riesgo utilizar tests paramétricos cuando no se cuenta
con las condiciones requeridas, en algunos casos vale la pena tomar
el riesgo. Algunas simulaciones han mostrado que los tests paramétri-
cos son bastante robustos a las desviaciones de las pre-condiciones
(escala de intervalo), mientras las desviaciones no sean demasiado
grandes.

En el caso de las pruebas paramétricas, se exige que la distribucion
de la muestra se aproxime a una normal. Para poder utilizar aproxi-
macién normal se requiere un tamano minimo de la muestra, depen-
diendo del p(value) que se requiera (11). En el cuadro 1 se muestran los
tamanos minimos de muestra para los distintos p(value).

Los test paramétricos mds usados en experimentos de Ingenieria de
Software son:

= ANOVA (ANalysis Of VAriance) (18).
= ANOM (ANalysis Of Means) (6).

Ambos tests (ANOVA y ANOM), pueden utilizarse para disefios de
un solo factor con mdiltiples alternativas. En ambos test la hipdtesis nula
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p(value) | Tamano minimo de muestra
0.50 n=30
0.40 6 0.60 n =50
0.3060.70 n=280
0.20 6 0.80 n =200
0.106 0.90 n = 600

Cuadro 1: Estadisticas descriptivas de la Efectividad

refiere a la igualdad de las medias (como es habitual en los test para-
métricos):

HosBi=T8= vn =i

En ANOVA, la variacién en la respuesta se divide en la variacion
entre los diferentes niveles del factor (los diferentes tratamientos) y la
variacion entre individuos dentro de cada nivel. El objetivo principal del
ANOVA es contrastar si existen diferencias entre las diferentes medias
de los niveles de las variables (factores).

En el caso de ANOM, este test no solamente responde a la pregun-
ta de si hay o no diferencias entre las alternativas, sino que cuando
hay diferencias, también dice cudles alternativas son mejores y cudles
peores.

Los test no paramétricos mas usado son:

= Kruskal Wallis.

= Mann-Whitney.

En el caso de los test no paramétricos, la hipdtesis nula refiere a la
igualdad de las medianas:

Hy: 1= =i =&

Rechazar H, significa que existe evidencia estadistica como para
afirmar de que hay diferencias entre las alternativas. En el caso de que
hubiera mds de dos alternativas, para conocer cudl es la alternativa
que difiere es necesario comparar las alternativas de a dos.

En el caso de Kruskal Wallis, a pesar de no requerir una distribu-
cién normal para las muestras, sus resultados se pueden ver afectados
por lo que se le llama «heterocedasticidad» de los datos. Cuando una
muestra presenta datos heteroceddsticos (no presentan homocedas-
ticidad) el test de Kruskal Wallis podria dar un resultado no significativo
(no rechazando Hy), aunque haya una diferencia real entre las mues-
tras (deberia rechazar Hy).

Para probar la homocedasticidad de los datos se suele utilizar el test
de Levene. Las hipdtesis del test de Levene son:

s Hy:01 =03 =...= 0, donde ¢, €s la varianza de la muestra a.

® Hl:0; # 0; = ... = a3 paAra al menos un par de muestras (i, ;).
donde o, es la varianza de la muestra a.
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Para poder aplicar ANOVA, y en algunos casos Kruskal-Wallis, es ne-
cesario que el test de Levene no sea significativo (no se rechaza Hy),
o seq, que las varianzas de las muestras sean similares o iguales. Esto
prueba la homocedasticidad de los datos.

Una vez que se prueba que al menos dos de las k muestras provie-
nen de poblaciones distintas (datos heteroceddsticos) se puede apli-
car, entre otros, el test de Mann-Whitney para comparar las muestras
dos a dos.

Si se presume que una alternativa puede ser mejor o peor que el res-
to, esto quiere decir que hay un «ordenamiento» entre ellas, lo acon-
sejable es realizar un test de ordenamiento. Algunos test de ordena-
miento son:

= Jonckheere-Terpstra Test. (5)

= Test para alternativas ordenadas L. (5)

Para los test de ordenamiento, las hipdtesis que se plantean son las
siguientes:

qu.;‘l :;;,‘2 = o :.‘i"

Hy: & <39 <... <3 (con al menos una desigualdad estricta)

4.6. Presentacion y Empaquetado

En la presentacion y el empaguetado de un experimento es esen-
cial no olvidar aspectos e informacién necesaria para que otfros pue-
dan replicar o fomar ventaja del experimento y del conocimiento ga-
nado durante su ejecucion.

El esquema de reporte de un experimento generalmente cuenta
con los siguientes fitulos: Introducciéon, Definicion del Problema, Planifi-
cacién del Experimento, Operacion del Experimento, Andlisis de Datos,
Interpretacion de los Resultados, Discusion y Conclusiones, y Apéndice.

En la Introduccién se realiza una introduccién al area y los objeti-
vos de la investigacion. En la Definicion del Problema se describe en
mayor profundidad el trasfondo de la investigacion, incluyendo las ra-
zones para redlizarla. En la Planificacion del Experimento se detalla el
contexto del experimento incluyendo las hipdtesis, que se derivan de
la definiciéon del problema, las variables que se deben medir (tanto in-
dependientes como dependientes), la estrategia de medida y andlisis
de datos, los sujetos que participaran de la investigacion y las amena-
zas a la validez.

En la Operacion del Experimento se describe como preparar la eje-
cucién del mismo, incluyendo aspectos que permitan facilitar la re-
plicacién y descripciones que indiquen como se llevaron a cabo las
actividades. Debe incluirse la preparacion de los sujetos, como se re-
colectaron los datos y cédmo se realizéd la ejecucion.

En el Andlisis de Datos se describen los cdlculos y los modelos de
andlisis especificos utilizados. Se debe incluir informacién, como por
ejemplo, tamano de la muestra, niveles de significancia y métodos es-
tadisticos utilizados, para que el lector conozca los pre-requisitos para
el andlisis. En la Interpretacion de los Resultados se rechaza la hipdtesis
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nula o se concluye gue no puede ser rechazada. Aqui se resume cémo
utilizar los datos obtenidos en el experimento. La interpretacion debe
realizarse haciendo referencia a la validez. También se deben describir
los factores que puedan tener un impacto sobre los resulfados.
Finalmente, en Discusion y Conclusiones se presentan las conclusio-
nes y los hallazgos como un resumen de todo el experimento, junto
con los resultados, problemas y desviaciones respecto al plan. Tam-
bién se incluyen ideas sobre trabajos a futuro. Los resultados deberian
ser comparados con los obtenidos por frabajos anteriores, de manera
de identificar similitudes y diferencias. La informacién que no es vital
para la presentacion se incluye en el Apéndice. Esto puede ser, por
ejemplo, los datos recavados y mas informacion sobre sujetos y obje-
tos. Si la intfencién es generar un paquete de laboratorio, el material
utilizado en el experimento puede ser proveido en el apéndice.

5. Estudio de casos

Un estudio de casos en ingenieria de software es una investigacion
empirica que se basa en multiples fuentes de evidencia para investigar
un fenémeno de ingeniera de software contempordnea dentro de su
contexto real, especialmente cuando los limites entre el fendémeno y
su contexto no son claramente evidentes.

La conduccién de un estudio de casos consiste de las siguientes
fases: diseno, preparacion, recoleccion, andlisis y reporte. En esta sec-
cién se presentan los aspectos a considerar durante el disefio de estu-
dio de casos y diversas técnicas de recoleccion de datos.

5.1. Diseno

Al disenar un estudio de casos se deben considerar los siguientes
elementos:

Razén fundamental del estudio:

El investigador debe tener clara la razén de llevar a cabo el estu-
dio. Para investigaciones académicas una razén tipica es generar una
confribucién, por ejemplo generar una nueva teoria o hipbtesis. En la
industria las razones pueden ser brindar una mejora a una organizacion
o un proyecto.

Objetivo del estudio:

El objetivo general del estudio es una declaracion de lo que el in-
vestigador espera alcanzar como resultado de la realizacion de ese
estudio. El objetivo se refina en un conjunto de preguntas de investiga-
cién y éstas se responden mediante el andlisis de los datos.

El caso y la unidad de Andlisis:

Los investigadores hacen una distincion entre el estudio de casos
y la unidad o unidades de andlisis dentro del caso. Las unidades de
andlisis permiten definir qué es el caso. Cuando el estudio de caso se
realiza sobre un objeto concreto, por ejemplo una persona (pacien-
tes, lideres, estudiantes...), la unidad de andlisis estd muy clara porque
es el propio objeto investigado. En cambio, en estudio de casos sobre
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fendmenos o acontecimientos mas complejos de definir, es necesario
considerar una o varias unidades de andlisis que permitan dar un pa-
so mas en la concrecion de la investigacion. Las unidades de andlisis
permiten definir los limites del caso para diferenciarlos de su contexto.

En los estudios de casos, el caso y la unidad de andlisis deben ser
seleccionadas intencionalmente. Esto se contrasta con las encuestas
y experimentos, en donde los sujetos son una muestra de la poblacion.

Tipos de disefos:

Yin propone una tipologia que establece cuatro formatos bdsicos
de estudio de casos, que resultan de la combinacion de dos caracte-
risticas: la primera es si el estudio incluye un Unico caso o si contiene
mas de uno (mditiple) (19). La segunda caracteristica es si su andilisis
tiene una sola unidad de andlisis, es decir, un sentido holistico, o si se
divide en diversas unidades de andlisis parciales (encapsulado). Tanto
el estudio de un sélo caso, como el estudio de casos mdltiples, pue-
de ser, a su vez, holistico o encapsulado, resultando los cuatro tipos
planteados por el autor. En el cuadro 2 se presenta la tipologia men-
cionada.

Diseno de caso unico | Diseno de mulfiples casos
Holistico Tipo 1 Tipo 3
Encapsulado Tipo 2 Tipo 4

Cuadro 2: Tipos basicos de diseno para estudios de casos

Holistico o encapsulado: La unidad de andlisis puede ser un indivi-
duo, un grupo, una compania, un pais, etc. La unidad de andlisis ayu-
da a definir el alcance del caso. El caso es con frecuencia un proceso,
una institucién, o un evento no tan bien definido como un individuo.
La definicién de la unidad de andilisis estd vinculada con la forma en
que se presentaron las primeras preguntas de la investigacion. Si solo
se busca examinar la naturaleza general de una empresa o problema,
se utiliza un enfoque holistico. Se procede asi cuando no se logra iden-
tificar sub-unidades o sectores o cuando la naturaleza del estudio es
holistica. Si se examinan una o varias sub-unidades de una organiza-
cién o programa, se utiliza un enfoque encapsulado.

Diserfios simples o mdltiples: Los disefios simples se utilizan cuando,
de modo andlogo a un experimento, un caso permite probar una
nueva teoria, o establece las circunstancias en que valdrian ciertas
proposiciones. También un disefo simple se aplica en casos Unicos o
extremos, o un caso “revelatorio”, en el que se presenta a los ojos del
investigador un fenémeno antes no estudiado. Los disenios mdltiples,
por otra parte, tienen la ventaja de que su evidencia es mas convin-
cente y el estudio resulta mas robusto. Sus desventajas consisten en
que no permiten tratar con el caso revelatorio, o raro, o critico, de los
casos simples y, ademads, requiere mds recursos. El tema del nimero de
casos que conviene analizar es debatido. Algunos autores se inclinan
por el estudio de un solo caso y citan para avalar su posicion ejem-
plos de casos clasicos, como Street Comner Society, que mostrarian la
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importancia de concentrarse en el estudio a fondo de un Unico ca-
s0. Eisenhardt (2) sostienen en cambio que es posible obtener recursos
para casos multiples; de hecho, hay ejemplos de casos mdiltiples ya
cldésicos. Smith (8) relata que, en su experiencia, a medida que cada
caso progresa a través de entrevistas los datos se van adecuando a
un patrén, “en otras palabras, una teoria (va) emergiendo” y los datos
sucesivos se hacen predecibles a partir de la teoria. Cuando se verifica
este fendmeno, al cual se suele llamar saturacion, puede decirse que
el nimero de casos considerado es suficiente.,

Pregunta de investigacion:

Las preguntas de investigacion son afirmaciones sobre el conoci-
miento que se busca, o se espera descubrir durante el estudio de ca-
SOS.

El uso de estudio de casos es adecuado cuando la pregunta de
investigacion es un cémo? o un ¢por qué?, cuando el investigador
tiene poco control sobre los eventos y cuando el énfasis de la investi-
gacion esta puesto sobre eventos contempordaneos dentro de su con-
texto en la vida real.

Una pregunta de investigacion puede estar relacionada con una
hipdtesis, que es una supuesta explicacion de un aspecto del fend-
meno de estudio.

Proposiciones e Hipotesis:

Las proposiciones son predicciones acerca del mundo que pueden
deducirse l6gicamente de la teoria, nos orientan sobre los objetos que
deben ser examinados en el estudio; desmenuzan las preguntas de ti-
pPo “cémo” y “por qué” para determinar qué debemos estudiar. Las
hipoétesis se generan a partir de las preposiciones y deben ser empiri-
camente testeables.

Control y aseguramiento de la calidad, cuestiones legales, éticas y
profesionales:

Existen diversos métodos para asegurar la calidad del disefio del
estudio de casos, dentro de los cuales se encuentran, que el diseno
del estudio de casos sea revisado por personas ajenas al proyecto y/o
conducir un estudio pilota para evaluar el diseno contruido.

Al comenzar la preparacion del estudio de casos el investigador
debe comprometerse a proteger a los candidatos del estudio. Como
parte de la proteccion debe comprometerse a realizar un estudio de
casos que:

= fenga el consentimiento de todos los candidatos que formaran
parte del estudio, alertando del objetivo y que estos sean volun-
tarios del mismo.

= proteja al candidato de cualquier engano en el estudio

= proteja la privacidad y confidencialidad de los datos de los can-
didatos (nombres, edades)

= fome precauciones sobre candidatos vulnerables (nifos)
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5.2. Recoleccién de datos

En esta seccion se detallan diversas tecnicas de recoleccion de
datos. Las técnicas de recoleccion de datos se pueden dividir en tres
grados segun Lethbridge (12):

= Primer grado: Estos son métodos directos, donde el investigador
estd en contacto directo con el entrevistado y recopila los datos
en tiempo real. Ejemplos de estos métodos son entrevistas, grupos
focales, encuestas Delphi y observaciones.

Segundo grado: Estos son métodos indirectos donde el investiga-
dor recoge directamente los datos sin fener que interactuar con
el entfrevistado. Ejemplos de este método son herramientas auto-
mdaticas que monitorean y observan.

Tercer grado: estos son los métodos en donde el investigador ana-
liza el trabajo que ya esta disponible. Este enfoque se utiliza cuan-
do se analizan especificaciones, documentos, informes, etc.

La técnica de primer grado tiende a ser mds cara de aplicar que
la segunda o tercera técnica debido a que se requiere un esfuerzo
significativo por parte del investigador y los sujetos. Una ventaja de las
técnicas de primer y segundo grado es la facilidad de controlar los
datos recolados por el investigador y el contexto de recolecciéon. Las
técnicas de tercer grado son mads baratas pero no ofrecen el mismo
control al investigador.

Es importante decidir cuidadosamente que datos recolectar y co-
mo recolectarlos. Mientras los objetivos y las preguntas de investiga-
cién del estudio de casos estan siendo decididos es imposible defi-
nir esta seleccion. Sin embargo, cuando el estudio de casos ya estd
en progreso, el investigador tiene una mayor apreciaciéon de los datos
deseables, los disponibles y los factibles de recolectar y luego analizar.

Entrevistas: La recoleccidén de datos basada en entrevistas es de las
mas usadas y mas importantes en los estudios de casos en ingenieria
de software. Casi todos los estudios de casos implican alguan tipo de
entrevista, ya sea para la recoleccién de datos primarios o para va-
lidaciones de tipos de datos. La razén de ello es que gran parte del
conocimiento que es de interés no estd disponible en ningln otro lu-
gar més que en las mentes de las personas que participan del estu-
dio de casos. Las entrevistas pueden ser llevadas a cabo de diferentes
maneras, pero en general el investigador habla y hace preguntas al in-
terrogado, quien responde a estas. Dentro de las variantes al conducir
una entrevista podemos detallar, sesiones de entrevistas mdas o menos
estructuradas, entrevistas mdas o menos largas, preguntas mas o menos
especificas.

El dialogo entre el investigador y los entrevistados es guiado por un
conjunto de preguntas. Las preguntas estan basadas en los topicos
de interés del estudio de casos y pueden ser abiertas o cerradas. Una
pregunta abierta permite una respuesta amplia, sin embargo una pre-
gunta cerrada limita la respuesta a un cierto rango de opciones. La
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ventaja de las preguntas abiertas es que el alcance de la respuesta
no tiene limite a diferencia de las cerradas. La ventaja de las pregun-
tas cerradas es que es mds facil analizar ios resultados.

Por otfra parte las entrevistas se dividen en semi estructuradas, no
estructuradas y completamente estructuradas. En las entrevistas no es-
tructuradas las preguntas son formuladas de forma abierta. En este ca-
50 la conversacion se realiza en base a los intereses del entrevistado y
del investigador. Este tipo de entrevistas en mas factible para estudios
exploratorios. En las entfrevistas semi estructuradas las preguntas son
planificadas, pero no necesariamente se piden en el orden en que
fueron listadas. El estilo de preguntas es un mix entre abiertas y cerra-
das. Entrevistas semi estructuradas son comunes en estudios de casos
de ingenieria de software. En las entrevistas completamente estructu-
radas las preguntas son planificadas en detalle y se piden en el missno
orden en que se planeo. Para este tipo de entrevistas es deseable que
las preguntas sean cerradas, generalmente resultan ser cuestionarios.

Durante la fase de planificacion del estudio de casos se determina
a quién entrevistar intentando involucrar personas con diferentes roles
y personalidades. La cantidad de entrevistados debe ser decidida du-
rante el estudio de casos. El criterio para determinar el méximo nimero
de entrevistados es la saturacion, es decir, cuando no se obtiene mas
informacion agregando un nuevo integrante.

Una vez formuladas las preguntas de la entrevista, pueden ser uti-
lizadas sobre un primer conjunto de entrevistados (entrevista piloto).
Esto permite comprobar que las preguntas fueron comprendidas por
los entrevistados y que las respuestas brindadas son utiles para el inves-
tigador. Las entrevistas pilotos son conducidas de igual forma que una
entrevista tradicional, pero con un extra de atencién para conocer la
comprension de las preguntas.

Una sesion de entrevista se puede dividir en varias fases. Al comien-
zo el investigador presenta los objetivos de la enfrevista y del estudio
de casos y explica como los datos recabados de la entfrevista van a
ser usados. Durante esta etapa el investigador puede pedir permiso
de grabar la entrevista. Luego de esta introduccién tanto el entrevis-
tado como el investigador se sienten mds comodos vy relajados. Las
preguntas de la entrevista, que constituyen la parte mas larga de la
entrevista se realizan a continuaciéon de la introduccion. Si la entrevista
contiene preguntas personales o sensibles, concernientes a aspectos
politicos, opiniones sobre colegas, conflictos, la competencia, efc., se
debe tener especial cuidado. En esta situacion es importante que el
entrevistado confié en el entrevistador, y que este ultimo garantice la
confidencialidad de los datos brindados.

Diferentes tipos de preguntas pueden hacerse de acuerdo con los
siguientes tres modelos. El modelo embudo comienza con preguntas
mas abiertas y continua con preguntas mas especificas. El modelo pi-
ramide comienza con preguntas especificas y luego se van realizando
preguntas abiertas a lo largo de la entrevista. En el modelo reloj de
arena se realiza un mix de preguntas especificas y abiertas.

Grupos focales: A diferencia de las entfrevistas, en los grupos de en-
foque el investigador realiza una serie de preguntas a un grupo de
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personas al mismo tiempo. Este tipo de enfoque es muy Uil de usar en
estudios cualitativos. En grupo las personas tienden a soltarse mas en
el sentido de confirmar o rechazar hechos que han ocultado en la en-
frevista individual. Es rentable (costo/efectividad) debido a que varias
personas son entrevistadas al mismo fiempo. Este tipo de enfoque tiene
la debilidad de que el grupo puede ser desordenado, hablar uno en-
cima del otro, etc. En estos casos de debe contar con un moderador
con experiencia que pueda llevar adelante la sesion.

Observaciones: Las observaciones son conducidas para investigar
como una cierta actividad es conducida por un grupo de personas.
Existen varias alternativas de observaciones, una de ellas es monitorear
al grupo grabando un video y luego analizar lo grabado, observar una
reunion, o utilizar herramientas que hagan preguntas a los participan-
tes cada ciertos intervalos de tiempo.

Datos de archivos: Datos de archivos se refiere a datos que se en-
cuentran disponibles en archivos. Ejemplos de estos son: minutas de
reuniones, documentos técnicos, documentos de gestion, registros fi-
nancieros, reportes, etc. Datos de archivo es una técnica de recolec-
cién de datos de tercer grado en un estudio de casos.

Métricas: Las técnicas de recoleccion mencionadas anteriormente
se enfocan en datos cualitativos, sin embargo los datos cuantitativos
también son de importancia en un estudio de casos. Medir el software
es el proceso de representar las entidades del software, los procesos y
productos en valores cuantitativos. En importante definir métricas que
sean realmente de interés para que luego la recoleccion sea exitosa.
En este método se definen en primera instancia los objetivos, las pre-
guntas son refinadas basadas en dichos objetivos y luego las métricas
se derivan de las preguntas, por lo tanto las métricas que se recogen
son relevantes.

Para fortalecer la validez de la investigacién empirica se recomien-
da tomar multiples perspectivas hacia el objeto de estudio y ofrecer
asi una visibn amplia, lo que se denomina triangulacién. Se pueden
aplicar los siguientes cuatro tipos de triangulacion:

= Datos de origen: utilizando més de una fuente de datos o reco-
giendo los mismos datos en diferentes ocasiones.

s Observadores: utilizando mds de un observador en el estudio.

= Metodoldgica: combinando diferentes tipos de métodos de re-
coleccién de datos.

= Teoria: utilizando teorias o puntos de vistas alternativos.

6. Investigacion

El GrlS ha llevado adelante una serie de experimentos formales pa-
ra conocer el comportamiento de distintas técnicas de verificacion,
ha empaquetado un experimento realizado y ha evaluado el funcio-
namiento del paquete. Ademds propuso un marco de comparacion
de experimentos formales.
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Actualmente han culminado 4 experimentos. El primero se llevd a
cabo en la Facultad de ingenieria en el 2008 (15). En este experimen-
to se enfrené a un grupo de 17 estudiantes para aplicar 5 técnicas
de verificacion a un pequeno programa escrito en Java. Los estudian-
tes registran los defectos que encuentran. Cada estudiante aplicé sélo
una de las técnicas. Las técnicas son inspecciones, particion en clases
de equivalencia y valores limites, tablas de decision, trayectorias lineal-
mente independientes y cubrimiento de condicion multiple. Las con-
clusiones mas relevantes fueron fres. En primer lugar se detecté que
los defectos de performance no son faciles de encontrar. En segun-
do lugar el costo de la verificacion unitaria es alto y el porcentaje de
defectos que se detecta es bajo. Por ditimo, con la técnica de inspec-
ciones se detecta una mayor variedad de defectos que con las ofras
técnicas.

En el siguiente experimento formal se busca conocer la efectividad
de 5 técnicas de verificacion unitaria (14). Las técnicas son: inspeccio-
nes, particion en clases de equivalencia y valores limites, tablas de de-
cision, trayectorias linealmente independientes y cubrimiento de con-
dicién mdaltiple. El disefo propuesto es de un factor con mdltiples al-
ternativas. El factor es la técnica de verificacion y las alternativas las 5
posibilidades. El experimento es ejecutado por un conjunto de 14 es-
tudiantes que aplican las técnicas sobre 4 programas diferentes desa-
rrollados especialmente para este experimento. Los 14 sujetos partici-
paron en el experimento anterior, donde fueron enfrenados con el uso
de las técnicas. Cada sujeto (menos uno) verifica 3 de los 4 programas
aplicando una técnica distinta. El andlisis de resultados se realiza utili-
zando estadistica descriptiva y la prueba de hipdtesis no paramétrica
Mann-Whitney. Los resultados de la prueba indican que las técnicas
particion en clases de equivalencia y tablas de decision son mas efec-
tivas que trayectorias linealmente independientes.

En el 2011 se lleva a cabo un experimento formal que compara el
comportamiento de las técnicas de verificacion Cubrimiento de sen-
tencias (CS) y Todos los usos (TU) (17). El diseno de este experimento es
también de un factor con dos alternativas. Un grupo de 21 estudian-
tes realizan pruebas sobre un Unico programa en Java. En este caso
el experimento se divide en dos experiencias, una con 10 sujetos (5
ejecutan CS y 5 ejecutan TU) y otra con 11 sujetos (6 ejecutan CSy 6
ejecutan TU). Como resultado utilizando estadistica descriptiva se ob-
tiene que la técnica TU tiene una mayor efectividad que la técnica CS.
La efectividad promedio de TU es de 34,3% y 29.2% la de CS. Sin em-
bargo, los test estadisticos realizados no rechazan la hipétesis de igual-
dad en la efectividad de ambas técnicas. Por otro lado, se encuentra
que la técnica TU es notoriamente mds costosa que la técnica CS; 328
minutos para TU y 133 minutos para CS es lo que llevd en promedio
desarrollar los casos de prueba para el software bajo prueba. Los test
estadisticos aplicados muestran que en este experimento hay suficien-
te evidencia estadistica para afirmar que TU es mds costosa que CS.

Parte de los estudiantes que participaron del experimento anterior
forman parte de un nuevo experimento que busca comparar el com-
portamiento de las técnicas de verificacion Cubrimiento de Senten-
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cias (CS) y Todos los Usos (TU). Se busca analizar las técnicas con el
propédsito de conocer su efectividad y costo a nivel unitario, en el con-
texto de un experimento controlado. Participan 14 sujetos del experi-
mento anterior, probando sobre un mismo programa, 6 de ellos aplican
CSy 8 aplican TU. La ejecucién del experimento se realiza en una dni-
ca instancia con una duracion de 8 semanas. Los resultados obtenidos
con los test de hipdtesis indican que no existe evidencia estadistica
para dafirmar que una técnica es mas efectiva que la otra. Respecto
a la comparacion del costo de las técnicas, se concluye que existe
evidencia estadistica que indica que TU es mas costosa que CS. Este
experimento no se encuentra adn publicado.

Ademds de haber realizado diversos experimentos, es de interés del
GrlS contar con un marco de comparacion de experimentos que per-
mita compararios formalmente y avanzar en la construccion de nue-
vos experimentos basandose en experimentos anteriores. Se propo-
ne un marco de comparacion de experimentos formales que evalian
técnicas de verificacién y como ejemplo se utiliza el marco con algu-
nos experimentos conocidos (16). Se buscan caracteristicas relevantes
de los experimentos para poder compararlos, siendo los objetivos de
los experimentos el primer punto de interés de forma de determinar si
tienen el mismo propésito general. Luego el marco propone examinar
los factores y alternativas de los disefios elegidos, asi como las carac-
teristicas de los sujetos participantes, la duracién del experimento, la
distribucion de los sujetos, los lineamientos seguidos para la asignacion
de las técnica y programa a los sujetos, etc. Este marco busca pro-
veer formalidad al momento de comparar distintos experimentos. Es-
tas comparaciones no son triviales debido a la alta variabilidad de las
caracteristicas de los experimentos. Como resultado se obtiene una
mayor comprension de los aspectos mads relevantes de cada experi-
mento y se los puede comparar rdpidamente segin distintos aspectos
relevantes.

Un paquete de laboratorio es el contenedor del conocimiento y
materiales necesarios para replicar un experimento. En 2012 se cons-
truye un paquete de laboratorio (PL) para un experimento controlado
de ingenieria de software que se realizdé en el marco de trabgjo del
GrlS (1); para esto utilizamos la propuesta de empaquetamiento de
experimentos de Solari (9). El estudio tiene dos objetivos: obtener una
instancia de paquete para un experimento concreto y validar la pro-
puesta genérica. Para realizar la instancia del PL se siguié un proceso
definido que incluyd actividades de revision, verificacion y validacion
de los resultados. Los resultados del frabajo confirman la viabilidad y
completitud de la propuesta de PL. Se ha obtenido un documento que
abarca las distintas actividades del proceso experimental y contiene
el conocimiento relativo al experimento en una Unica estructura.

Luego de presentada la propuesta de estructura de PL para expe-
rimentos (1) se busca validar la misma (10). Se readliza una evaluacion a
una réplica de experimento que utiliza un PL estructurado de acuerdo
ala propuesta. Se pretende validar que el uso del PL implica una mejo-
ra con respecto a otros PL no estructurados. En los resultados obtenidos
se pudo comprobar que el PL utilizado es completo con respecto al
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proceso de investigacion experimental, cubriendo las actividades de
replicacién en mayor grado que los PL no estructurados. También se
comprobd que el documento tiene un grado de usabilidad acepta-
ble desde el punto de vista del replicador responsable. La evaluacion
de la replicacién muestra que la misma se ha readlizado en forma mas
eficaz que otras anteriores. Esto se ha valorado analizando los inciden-
tes de replicacion y dudas surgidas. En cuanto a la eficiencia, la repli-
cacién evaluada fue mas compleja que otras anteriores y demandod
mayor esfuerzo. Sin embargo, no se han observado efectos negativos
por el uso del PL.

Ademds, hace varios anos que se readlizan pruebas de procesos de
desarrollo de software en el marco de una asignatura llamada Proyec-
to de Ingenieria de Software (13). Si bien estas pruebas no son formales,
es interesante en un futuro formalizarlas.

7. Conclusiones

En elreporte se presentan conceptos tedricos basicos de laIngenie-
ria de Software Empirica y las principales técnicas para la investigacion
empirica: encuestas, estudios de casos y experimentos. Se pretende
que este documento pueda ser utilizado por estudiantes e investiga-
dores que se encuentran readlizando trabagjos de ISE en el marco del
trabajo del GriS.

También se describen algunos de los trabagjos de investigacion que
ha realizado el GrlS, experimentos formales que buscan conocer el
comportamiento de distintas técnicas de verificacion, el paquete de
laboratorio para experimentos y la evaluacion realizada al mismo, y se
describe el marco de comparacion para experimentos formales.
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Appendix 3

Data Quality Metrics for the PSP

This appendix presents the information, categorization and results for each
metric defined for the quality assessment of the data recollected by the students who
performed the PSP I/II revised course and the PSP Fundamentals and Advance course.
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Appendix 4

Data Quality Problems in the PSP

This appendix presents a detailed explanation of the data quality problems that
were found in the Personal Software Process recollected data.

1. Out of Range Value

There are specific values for which is possible to define the range they should
belong to. However, many of the registered data during this process might take values
that are not close to one another, and yet correspond to correct events of reality. For
instance, the amount of defects that each student detects and records may be one, as
well as one-hundred and, any of those might correspond to an incorrect value. This is
why the first step is to define the relevant data to then establish a range and measure.

In this regard, two cases are considered. On one hand, the recorded time for each
phase and each process. On the other hand, the amount of new parts added by each
program and course. It is important to consider, nonetheless, that if a value is out of the
determined range it does not necessarily mean that the value is incorrect. The fact that
outlier but correct values exist, is part of every learning process. In spite of knowing
this, being able to discriminate those outlier (but correct) values from real errors can be
complex.

Due to the fact that all the fields involved in the present quality problem are
editable (its values are entered in the tool), errors can happen when typing.

A possible source of errors regarding time, is that they might have been gathered
incorrectly, either because it was not completely understood how to gather them or
because an error took place when they were calculated or recorded.

Because times are recorded using a chronometer included in the tool, the student
might forget to start it when beginning the work, or forget to record pauses and
interruptions that can take place.

Another possible source of error can be due to the misuse of the tool itself, since
double-clicking on any of the time fields (start and end) will automatically insert values
for the current date and time. If this were to happen without the student noticing, the
correct registry might be overwritten and the calculated times (delta) would not be the
real ones.

In the case of new parts, it is possible that entering them was omitted, or that an
error occurred when defining them (as a consequence of misunderstanding the process).
Both situations might be the cause for entering an inaccurate amount of them.
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Because the definition of parts is closely related to the learning process of the
PROBE method, not understanding entirely this method could definitely result in
another source of error.

Measurement: the granularity is at cell level, because it involves the time fields
recorded in each phase as well as the amount of parts (new, base or reused) that are
entered. The way to measure this quality problem consists on establishing, for all the
cell values involved, if they are within a certain range or not. For each and every case
identified (time and amount of parts) the criteria to correctly determine the range to be
considered to evaluate the values is established, and the outliers are then identified
through SQL queries.

In any of these two cases, the maximum value for the range to consider could be
defined a priori. For the minimum value instead, it is certainly known that at least one
new part must have been recorded, and that the time can never be less than 1. Therefore,
it is necessary to statistically determine an interval considering the medium value and
the standard deviation of the recorded values. Those values within the range [maximum
(1, media - 3 *standard deviation), media + 3 *standard deviation] will be considered
free of error, while those values outside that interval will be considered as to containing
errors and therefore analyzed separately. Note that in the case of base or reused parts the
minimum could reach 0 (that is, none being entered).

2. Incorrect Project Identifier

Project identifiers must be standardized in a way that these can be used by any
user. Identifiers may vary depending on the course they correspond to:

e Identifiers must be in the range from 408 to 414 for the seven
assignment course (the current)

e I[dentifiers must be in the range from 400 to 407 for the eight assignment
course

In addition and for all users, there must be a correspondence between the project
that is being rendered in reality and the identifier used. If not, it is unfeasible to perform
data analysis by project. The known cause of this quality problem is that the tool used
for recording defects can both create and delete projects. As a consequence, projects'
identifiers do not retain the semantics, hence it isn't possible to identify which projects
correspond to those in reality.

Measurement: the granularity is at cell level. According to the established order
by date of completion of the course, it seeks to find all projects that are associated to the
PSP process but its project identifier does not correspond to reality.

The measurement of this quality problem is to verify if the amount of exercises
and the level and order in which they were created is correct. This can be done
executing SQL queries and programming. If so, projects' identifiers are renamed as so
they are consistent with each other and with reality. Otherwise, these exercises are
dismissed given that the student did not apply PSP correctly.
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3. Precision in Times

Defects are recorded in the tool with the following date format “yyyy-mm-dd
hh:mm:ss". The hours, minutes and seconds corresponding to the time at which the
defect was recorded should not all equal 0.

In this quality problem it is desired to measure the level of detail in the recorded
times. If indeed they are all 0, then the desired precision is not reached and therefore it
is not possible to know the exact time at which a defect was recorded. The possible
causes mentioned for the out of range quality problem regarding time, apply to this
problem as well.

Another known cause for this quality problem lies in the use of the tool. If the
calendar is clicked on selecting the date, when trying to enter the times, the tool will
auto fill the time field with the time 00:00:00. If that is not updated, it entails the
existence of error in the time value.

Measurement: The granularity is at cell level because involves the values of
times in which defects are recorded. The way to measure this quality problem consists
on establishing, by SQL queries, whether there are time values where all equal 0.

4. Null Value

It is of interest to know what information was recorded and what was omitted.
Knowing what caused that omission and, if possible, determining the value the null
number should take, is of interest as well. The existence of null values influences the
data analysis conducted, since it becomes necessary to leave those null values aside to
obtain statistics. As an example, when calculating the average, a null value in any of the
values recorded will affect the outcome if it is not considered as such.

First, it is necessary to identify which fields admit null values and which do not,
according to the updated database schema. Then, those fields that admit null values are
identified, though in reality the value should actually be different from null (the fact that
null values are admitted is an error in the schema of the database). The latter case is the
one to measure. It is assumed that the control of the fields declared as non-zero is done
correctly by the tool.

On the other hand, it is meaningless to consider certain records in which any of
their most significant values are complete, in spite of existing in the base. Albeit
measuring the non-existing records (tuples) that should be in the database, having empty
records generated in the database is useless. This means that they contain null values
either in all their attributes or in those most important. For example, if there is a record
of a process improvement proposal but there is no text detailing the proposal itself, the
existence of the tuple in the base is insignificant.

The cause for omitting the fields could be any of the following:

e The student omits entering the value (by accidental omission or by being
incapable of determining it)

e The student considers that entering the value is not necessary or
important (because it is not mandatory to define it, it can remain null).
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e Due to an error in handling the data (whether it is the tool or the
database) which causes that the value entered by the student is not
properly recorded.

Measurement: the granularity is at cell level because those fields that should
have a value different than null intervene. Values of the defects' records, the program's
size estimation, project planning, process improvement proposals and testing reports,
among others, are involved. The way of measurement is to verify if they contain null
values by executing SQL queries.

5. Non-existing Records

Among this quality problem, those records that do not exist (tuples) in the
database but exist in reality are identified, and therefore their entry was omitted. This
means there is a portion of data from reality which is not reflected in the database. Once
again, if the total data universe is unavailable, the statistics analysis conducted based on
this data sample will not accurately reflect reality, but only a part of it.

We can discriminate two different cases. On one hand, possible errors for which
at least one record in the database should exist, but the non-existence cannot be assumed
as a quality problem. An example is a non-existing record in the PIP form. Although at
least one process improvement proposal should be entered for each program (PSP 0.1
onwards), if this does not happen it cannot be considered as error.

On the other hand, there are errors that are considered data errors, such as the
absence of at least one base or added part. It is pointless imagining that it does not exist,
in reality, at least one base or added part by each program that should be recorded in the
tool. Because of this, its omission is considered a data quality problem.

The reason for the existence of this quality problem is the same that for the null
value problem, with the difference that in this particular case non-existing records (no
values) in the analyzed database are identified.

Measurement: the granularity is at tuple level, because it involves records that
should exist in the database but their entry was omitted. Process improvement projects
are included, as well as testing reports, base parts and added and defects. The
measurement of this quality problem is to verify whether these records exist or not in
the database, by executing SQL queries.

6. Domain Integrity Rules

For some attributes, it is possible to define the domain to which their values
should always belong to. In this case, the valid domain for certain values have to always
be greater than zero. If invalid values were entered, then an error occurred during the
recording (whether by distraction or for not understanding the process).

The main cause this rule is not met is the lack of controls' definition that avoid
the entry of negative or equal to zero values, whether it may be at database level or the
application's.

Measurement: the granularity is at cell level because it involves recording fields
of times, defects, size estimation and project planning, that shall meet the defined rule.
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The measurement of this quality problem is to verify if the domain integrity rule defined
is met, by executing SQL queries.

7. Intra-relationship Integrity Rules

A set of rules for certain attributes of the same table is defined, which must be
met in the database under study. If any of these rules is violated , the data consistency
will be affected, hence any analysis conducted from this data will be as well.

The main reason these rules are not met is the lack of definition of the
restrictions in the database (as of design). In this case, an error might occur when a
student records certain incorrect information of the process, by violating a rule that is
not controlled in the base (whether by distraction or by not understanding the process).
As an example, it can happen that the injection phase of the defect occurs after its
removal. Which, of course, cannot happen in reality.

Measurement: granularity can be at cell or tuple level, depending on the error. It
involves times, defects, size estimation and planning projects, both fields and records.
The measurement is to verify if the intra-relationship integrity rules defined for the
reality under study are followed, by SQL queries.

8. Referential Integrity Rules

A set of rules on certain attributes of different tables is defined, which must be
met in the database under study. Once again, not following these rules will affect the
data consistency.

The main reason why these rules are not met, is the lack of definition of the
restrictions in the database (as of design). As an example, if the total time that took to
remove the defects in a certain phase is added up, it can be greater than the time
recorded for such phase.

Measurement: granularity is at tuple level because it involves attributes on the
recording tables, both of defects and times. The measurement of this quality problem
consists of verifying if the referential integrity rules defined for the reality under study
are followed, by executing SQL queries.

9. Invalid Reference

In the current analysis, it is necessary to consider the meeting of the rules among
different tables' attributes. When doing an instantiation of this in the database under
study, it is possible to identify certain references of nonexistent tuples, resulting in
invalid references.

The source of this quality problem is an error in the design of the database's
schema, because the definition of foreign keys over certain attributes is omitted.
Another possible cause could be due to the manual entry of certain identifiers, where an
existence's control of such reference is nonexistent.

As an example, if a defect's record refers to a previous defect's correction, the
x_defect_id entered by the user should belong to the defect's identifiers the student has
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previously entered. Nonetheless, this is a text field the user enters manually, and the
tool does not control whether it is a valid identifier.

For this quality problem, all foreign keys of all tables are analyzed in order to
verify that there are no invalid references. This might cause an inconsistency that affects
any data analysis and consider requiring project data, which in most cases are of great
importance.

Measurement: granularity is at tuple level because it involves those tuples that
refer to nonexistent project identifiers. The measurement of this quality problem is to
verify if there are tuples with invalid references, by executing SQL queries.

10.Duplicate Register

This quality problem is identified when two or more records are an exact copy of
each other. Two situations exist:

e When the value in the key and other attributes is the same (or in any
case, null values).

e Despite having different primary key, they refer to the same object in
reality and have the same data in the defined fields (according to the
duplication criteria considered).

Although the controls of the tool used prevent the existence of duplicate records
with the same primary keys, all necessary checks are performed to verify that there are
no repeated records in the base under study (according to the criteria to be defined).

Within this quality problem two cases are considered:

e Defects' duplication. Correspond to defects recorded at the exact same
time. They are not considered in this case times 00:00:00

e Student's duplication. Correspond to students that have the same name,
author and other data.

The cause for this quality problem can be due to a mistake on the student's
behalf (e.g. by recording the same defect more than once) or to an error in the tool that
leads to repeated records stored in the base (e.g. entering the same student more than
once). It is important to consider this quality problem, because if not, results obtained
from the data analysis performed would be mistaken. For example, if records of defects
are duplicate, i.e. referring to the same defect in reality, the total number of defects will
not be real (the number of records will be above the real number).

Measurement: granularity is at tuple level, because it involves those tuples
(defect's records) that are duplicate. The measurement of this quality problem is to
verify whether duplicate tuples exist, according to the defined duplication criteria, by
executing SQL queries.
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Extended Abstract presented for the
TSP Symposium 2013

Another Experiment on the Impact of the PSP on Software
Quality: Trying to eliminate the programming learning effect

Diego Vallespir, Fernanda Grazioli, Leticia Pérez, Silvana Moreno
Universidad de la Republica
Montevideo, Uruguay
{dvallesp, grazioli, Iperez, smoreno} @fing.edu.uy

Extended abstract

Data collected in the Personal Software Process (PSP) courses indicate that the PSP
improves the quality of the products developed [1, 2]. The students (many times
software engineers) perform several programming exercises in which techniques and
phases of the PSP are added as the exercises advance. One of the ways of knowing if
the PSP produces improvements in the quality of the software is by doing a statistical
analysis of the evolution of the results obtained by the students in each program. If the
programs developed during the course by the students are of a better quality as the
course progresses (for example, less defects in UT), then it can be inferred that the PSP
is responsible for the improvement.

However, since the programs of the course are in the same application domain, the
improvement could be due to programming repetition (learning effect). Recently, a
study that compares the data obtained from different versions of the PSP courses (in
which the practice of the PSP is introduced at different moments as the exercises
advance) concludes that the changes in quality are most plausible regarding mastering
PSP techniques rather than program repetition.

Our work aims at contributing in this same sense but using a different approach.
Consequently, our research question is: Are the improvements observed in the PSP
courses due to the introduction of the phases and techniques of the PSP or due to the
program repetition? For knowing this we designed and performed a controlled
experiment. 12 Software Engineering undergraduate students of the Universidad de la
Republica, which are the subjects of our experiment, performed the same exercises of
the PSP for engineers I/II course in its version of 8 exercises but without applying the
PSP techniques.
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For the first program the students use the PSP0 and for the seven remaining programs,
the PSPO.1. These two levels of the PSP only aim at collecting data of the process (time,
defects, etc.) but they do not introduce the practices of the PSP (reviews, design,
PROBE, etc.). This design of the experiment makes it possible to know if the students
improve the quality of the software products due to program repetition.

Therefore, we define the goal of this work as:

Analyze and compare the data collected at eight program assignments

for the purpose of evaluating software quality improvements

with respect to defect density in unit testing / total defect density

from the viewpoint of a researcher

in the context of the PSPO0.1 level training of 12 software engineers undergraduate
Students.

In order to know the quality of the products we base on two measures that are normally
used in the experiments that involve the PSP: defect density in unit test and total defect
density of the program (dependent variables of the experiment). We compare programs
by pairs to find if the changes in each program are statistically significant. Therefore,
we propose a null hypothesis and an alternative hypothesis for each dependent variable
studied:

HO def/ut: Median (Defect density in UT i) = Median (Defect density in UT j)
H1 def/ut: Median (Defect density in UT 1) <> Median (Defect density in UT j)

HO tot def: Median (Total defect density i) = Median (Total defect density j)
HI1 tot def: Median (Total defect density i) <> Median (Total defect density j)

Where i, j are the numbers of the programs (1 to 8) and i <}

Results

Table 1 presents median and interquartile range of defect density in unit test for the
programs from 2 to 8. A difference between the median of program 2 and the rest of the

programs is perceived.

Table 1 — Median and interquartile range for DDUT

Pr2 Pr3 Pr4 Pr5 Pro Pr7 Pr8
Median [56.98 18.13 18.48 36.38 18.40 13.78 8.59
IQR 21.20 31.84 18.14 30.19 17.11 25.11 12.20

The students of our experiment are 12 (few samples) and the data of each one in the 8
exercises of the PSP (repeated measures) are considered. In a context of few samples
and repeated measures the most suitable statistical test for our hypotheses is Wilcoxon
signed-ranks [4]. This test is used to compare two sets of scores that come from the
same participants and when normality cannot be assumed. We used the 2-tailed

206



Appendix 5. Extended Abstract Presented for the TSP Symposium 2013

Wilcoxon test because we do not know a priori if the dependent variable will increase or
reduce its value.

Table 2 presents the result of applying the Wilcoxon test to each pair of programs for
the hypothesis of defect density in UT. The table presents the comparison between pairs
of programs. Each cell contains the p-value (2-tailed) of the Wilcoxon test. The cells in
green indicate that the null hypothesis has been rejected (p<=0.05) and that there has
been an improvement in defect density in UT as the students advance in the exercises.
The grey cells indicate that it has not been possible to reject the null hypothesis.

It can be observed that it is statistically significant that the defect density in UT for
program 2 is higher than in the rest of the programs. There are two motives that can
explain this behavior. The first is based on the fact that program 2 of the PSP course is
the only one that is not a mathematical program. Exercise 2 consists in developing a
program to count lines of code of a program. Although this can be a cause for a higher
defect density, we cannot assure so. The second possibility is that the systematization in
the recording of defects by the students (from the PSPO) has its positive effects and
produces fewer injected defects.

Table 2 — Wilcoxon test for DDUT

It can also be observed that in program 5 the defect density in UT is statistically higher
than the one found in programs 6 and 8. But the hypothesis cannot be rejected between
programs 5 and programs 3, 4, and 7.

These results show there is not a continuous improvement as regards defect density in
UT. Removing exercise 2 from the analysis, no difference can be detected between
exercise 3 and the following, or between exercise 4 and the following, or 6 and the two
following, neither between exercises 7 and 8. The differences found between exercises 5
and 6, and between exercises 5 and 8 may be due to the characteristics of exercise 5.
However, other experiments are necessary to prove it.

Since the experiment does not change the level of PSP used (PSP0.1) the results of this
experiment indicate that the repetition of programs in the same application domain and
the collection of data of the processes do not improve defect density in UT by
themselves.
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Conclusions

The presented results contribute to the elimination of an important threat to the validity
of different experiments performed with the PSP. This result, together with a previous
one [3], indicates that the practices introduced by the PSP and not program repetition
would contribute to the improvement of software quality.

Besides, it is found that there is a different behavior in program 2 and in program 5
regarding software quality. This behavior, which we showed is independent from the
PSP practices, has to be analyzed more deeply performing new controlled experiments.

Note: We will have analyzed other variables for the TSP Symposium which we have
not been able to analyze now for time constraints: total defect density, time spent in
UT per Kloc and average time in UT per defect.
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7 A Cross Course Analysis of Product Quality Improvement
with PSP

Fernanda Grazioli, Universidad de la Reptblica
William Nichols

7.1 Introduction and Background

These days, more and more businesses develop, combine, and include software in their products
in different ways. Companies need to develop software to support the design, manufacture, or
delivery of the products and services they provide. Therefore, although they might not realize it,
all businesses are becoming software businesses. As the software component of their business
grows, schedule delays, cost overruns, and quality problems caused by software become their
main business problems. This is why, despite their best management efforts, companies find their
risk of failure increasing along with the increase in the size or complexity of the software they
produce.

Software products are made of hundreds to millions of lines of code, each one handcrafted by a
software engineer. Software businesses depend on people, so their technical practices and
experience strongly influence the outcome of the development process.

The Personal Software Process (PSP) is a defined and measured software process designed to be
used by an individual software engineer. The PSP directly addresses software business needs by
improving the technical practices and individual abilities of software engineers, and by providing
a quantitative basis for managing the development process. By improving individual performance,
PSP can improve the performance of the organization.

For many years, the Software Engineering Institute (SEI) has trained software engineers in PSP.
Over that period, the course format has changed twice. Several versions of the course use the
same exercises, but introduce process steps in modified sequences. An earlier version of the
course has several published studies demonstrating improvement in developer performance with
process insertion, but the retrospective analysis left some threats to external validity [Paulk 2006:
Hayes 1997; Wohlin 1998; Rombach 2008: Kemerer 2009; Paulk 2010]. One threat is the
confounding of process insertion with the gaining of domain experience as related programs are
developed. A related threat is that observations might alter the subject performance as in the
Hawthorne effect [Mayo 1949]. Moreover, there are not yet studies about how the latest two
course versions are working, nor are there studies about how different approaches to introducing
process correlate with performance and quality results in PSP courses. The PSP community and
the SEI need to know how effectively these courses work. The academic and industrial
communities need assurance that the process can be taught effectively and that the process
insertion would have positive and substantial benefits.

Given this situation, the objective of this study is to use the PSP data from the latest two course
formats to determine whether reviews and design improve product quality, or if such
improvement is only a consequence of gaining experience in the problem domain. We measure
quality as the quantity of defects found per KLOC in Unit Testing. Defect counts and measures of
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defect density (i.e., defects per KLOC) have traditionally served as software quality measures.
The PSP uses this method of measuring product quality as well as several process quality metrics.
The consequence of high defect density in software engineering is typically seen in the form of
bug-fixing or rework effort incurred on projects. Typical defect densities of delivered products
range from one to five defects/KLOC [Davis 2003].

7141 Concept Introduction on PSP Courses

The PSP courses incorporate what has been called a “self-convincing” learning strategy that uses
data from the engineer’s own performance to improve learning and motivate use. The last two
course versions introduce the PSP practices in steps corresponding to six PSP process levels. The
older version name is “PSP for Engineers I/I1 (PSPI/II)” and the latest version name is “PSP
Fundamentals and Advanced (PSP Fund/Adv).”

Each level builds on the developed capabilities and historical data gathered in the previous level.
Engineers learn to use the PSP by writing seven or eight programs (depending on the course
version), and by preparing written reports. Engineers may use any design method or programming
language in which they are fluent. The programs typically contain around one hundred lines of
code (LOC) and require a few hours on average to be completed. While writing the programs,
engineers gather process data that are summarized and analyzed during a postmortem phase.
There are three basic measures in the PSP: development time, defects, and size. All other PSP
measures are derived from these three basic measures.

During the course, the students were given eight or seven exercises (eight in PSPI/II and seven in
PSP Fund/Adv), which were mainly programs for statistical calculations. PSP has a maturity
framework that shows its progression on improvement phases, also called levels. Students
completed their exercises while following the process attained at each PSP level.

The PSP levels introduce the following set of practices incrementally:

«  PSPO: Description of the current software process, basic collection of time and defect data

« PSPO.1: Definition of a coding standard, basic technique to measure size, basic technique to
collect process improvement proposals

« PSPI: Techniques to estimate size and effort, documentation of test results

« PSPIL.1: Task planning and schedule planning

«  PSP2: Techniques to review code and design

« PSP2.1: Introduction of design templates

Table 16 shows which PSP level is applied on each program assignment, for each course version.

Table 16: PSP Levels for each Program Assignment

Program Assig PSP Fund/Adv PSP Ul
1 PSP 0 PSP 0
2 PSP 1 PSP 0.1
3 PSP 2 PSP 1
4 PSP 2 PSP 1.1
5 PSP 2.1 PSP 2
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Program Assignment PSP Fund/Adv PSP Il
6 PSP 21 PSP 2.1
7 PSP 2.1 PSP 2.1
8 — PSP 2.1

7.2 Data Set and Statistical Model

We used data from the eight-program course version, PSPI/II, taught between June 2006 and June
2010. Additionally, we used data from the seven-program course version, of PSP Fund/Adyv,
taught between December 2007 and September 2010. These courses were taught by the SEI at
Carnegie Mellon University or by SEI partners, by a number of different instructors in multiple
countries.

We began with 347 subjects in total, 169 from the PSP Fund/Adv course and 178 from the PSPI/II
course. From this we made several cuts and ran data-cleaning algorithms to include only the
students who had completed all programming exercises, in order to clean and remove errors and
questionable data.

To determine the cuts on the data set, we first developed an integrated data storage model. We
designed that model to support the analysis and the assessment of data quality, based on the data
quality theory. Data quality is an investigation area that has generated a great workload in the last
years and it is mainly focused on defining the aspects of data quality [Batini 2006; Lee 2002;
Neely 2005; Strong 1997] and on proposing techniques, methods and methodologies to the
measurement and treatment of the data quality [Batini 2006; Lee 2002;Wang 1995].

The first step toward identifying quality problems was to understand the reality and context to be
analyzed. This includes the Personal Software Process in itself [Humphrey 1995], exploring the
tool for recording data and the model of the database, in addition to the Grading Checklists used
by instructors for the correction of exercises performed during the course. Afterwards, we
analyzed the dimensions and quality factors proposed by Batini and Scannapieco [Batini 2006] to
this set of data, which are interesting to measure and consider. In this way, we thoroughly
identified and defined possible quality problems that the data under study might contain, we
implemented the algorithms required for cleaning and collecting the metadata, and finally, we
executed those algorithms. Major data quality problems were related to the consistency, accuracy,
completeness, and uniqueness dimensions. This meant that following that data quality process,
our data set was reduced to 93 subjects in total, 45 from the PSP Fund/Ady course and 47 from
the PSPI/II course.

Differences in performance between engineers are typically the greatest source of variability in
software engineering research, and this study is no exception. However, the design of the PSP
training class and the standardization of each engineer’s measurement practice allow the use of
statistical models that are well suited for dealing with the variation among engineers.

In the summarized analyses presented, we studied the changes in engineers’ data over seven
programming assignments. Rather than analyzing changes in group averages, this study focuses
on the average changes of individual engineers. Some engineers performed better than others
from the first assignment, and some improved faster than others during the training course. To
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discover the pattern of improvement in the presence of these natural differences between
engineers, the statistical method known as the repeated measures analysis of variance (ANOVA)
is used [Tabachnick 1989]. In brief, the repeated measures analysis of variance takes advantage of
situations where the same people are measured over a succession of trials. By treating previous
trials as baselines, the differences in measures across trials (rather than the measures themselves)
are analyzed to uncover trends across the data. This allows for differences among baselines to be
factored out of the analysis. In addition, the different rates of improvement between people can be
viewed more clearly. If the majority of people change substantially (relative to their own
baselines), the statistical test will reveal this pattern. If only a few people improve in performance,
the statistical test is not likely to suggest a statistically significant difference, no matter how large
the improvement of these few people.

7.3 Analysis and Results
First, we define the following variables and terms:

+  Subject —student who performs a complete PSP course.
« Course Type —a PSP course version. It can be PSP Fund/Ady or PSPI/IL.

» Program Assignment or Program Number —an exercise that a student has performed during
the PSP course. Itcanbe 1,2,3,4,5,6,7 or 8.

+ PSP Level —one of the six process levels used to introduce the PSP in these course versions. It
can be PSPO, PSP0.1, PSP1, PSP1.1, PSP2, or PSP2.1. Each program assignment has a
corresponding PSP level according to the PSP course version. Since we wanted to analyze the
introduction of concepts during the courses, we group PSP and PSP0.1, we group PSP1.0
and PSP1.1, and we analyze PSP2.0 and PSP2.1 separately. So the PSP Level variable can be
seen in plots as 0, 1, 2, or 2.1, respectively.

«  Defect Density in Unit Testing (DDUT) - 1000 - Total defects removed in testing / Actual
added and modified LOC

As we stated in the introduction, the objective of this study is to use the PSP data from the latest
two course formats to demonstrate whether reviews and design improve the quality of a product in
test. And we use defect density as a measure of quality, so we define defect density in unit testing
as the independent variable in our analyses. Figure 34 shows a bar-whisker chart of DDUT
grouped by course type and PSP level. Figure 35 shows a bar-whisker chart of DDUT, but in this
case grouped by course type and program assignment. These charts are descriptive and allow us to
get a clearer idea of the defect density behavior.
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Figure 34: Defect Density in Unit Testing grouped by Course Type and PSP Level
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Figure 35: Defect Density in Unit Testing Grouped by Course Type and Program Assignment

To reach that objective, we considered a direct way through an ANCOVA analysis, using PSPI/II
and PSP Fund/Ady as categorical values to segment the data into two parts: the program
assignment as the independent variable and the PSP level as the hidden variable. But we could not
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come to a conclusion because the correlation between the PSP level and the program assignment
was strong. Also, using ordinal program numbers in ANCOVA may not be a sound approach.
Correlations between the factors are a strong anti-indication for ANCOVA [Tabachnick 1989].
Therefore, we decided to create a more indirect procedure and analyze the results based on
specific differences between the two courses using the PSP level.

We next developed an indirect procedure to examine relationships between program number, PSP
level, and performance in the data. It consists of three steps, each one based on an ANOVA
analysis using defect density in unit testing as the independent variable.

Before running any ANOVA, we checked to see if the data satisfy all assumptions for the correct
use. The only assumption that could not be fully satisfied was the normality assumption. We
transformed the data into normal form using different techniques as suggested in [Tabachnick
1989], and the one that worked better was a log transformation and adding a constant to the zero
observations. Nonetheless, some deviations from normality persisted at very low defect levels.
Recent works recommend not to log-transform count data [O"Hara 2010] for two reasons. First,
low counts cause distortions. Second, such transformation typically does not affect the results if
the data is unimodal. The data satisfies the unimodal mounded condition, and the fact that
transformed and untransformed PSP data provides comparable results has been previously
observed with [Hayes 1997]. We did our analysis considering both transformed and
untransformed data.

The first step of the analysis procedure consisted of performing a series of one-way ANOVA
between each program number using course as the grouping factor. This establishes whether the
assignments have different DDUT means between the courses. If there are not different means
between courses, then the analysis is done because the program-by-program results for the two
courses do not differ. We ran seven tests, one for each program number and, since we found
significant differences, we proceeded to the next step.

The second step of the analysis procedure consisted of performing two-way (repeated) ANOVA.
Separate, repeated ANOVA analyses grouping by program number were performed for each
course type. We applied the two-tailed significance test at 0.05, which is equivalent to a 0.025
significance level for a one-tailed test. Table 17 and Table 18 summarize the ANOVA discussed
above for this step for the courses PSP Fund/Adv and PSP V11, respectively. A third two-way
ANOVA grouping by course and program number was performed on the combined data, and the
results are summarized in Table 19.

Both the separate course data and the combined data showed a general downward trend in defect
level with program number, irrespective of process level. This was as we expected based on the
correlation between PSP level and program number. We found no statistical significance between
consecutive programs for either the PSP Fund/Adyv or the PSP I/Il. However, for the combined
data set, we found significant reduction in defect levels between programs 2 and 3, and 3, and 4.
The significance in the combined set results from the increased sample size.

In the PSP Fund/Adv course we found that there is significance between Program 1 and Programs
3,4,5,6,and 7. We interpret that this shows improvements between PSP0 and PSP2 or PSP2.1
(depending on which program from 3 to 7). In regard to PSP VI, we found that there is
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significance between Program 1 and Program 7, and this is consistent with improvements between
PSP0 and PSP2.1.

We also found that there is significance in PSP Fund/Adv between Program 2 and Program 3, 4,
5, 6, and 7. This makes sense because it shows improvement between PSP1 and PSP2 or PSP2.1
(depending on which program from 3 to 7). In regard to PSP I/II, we found that there is
significance between Program 2 and Program 4, 5, 6, 7. This also makes sense because it shows
improvement between PSP0 and PSP1 or PSP2 or PSP2.1 (also depending on which program
from4 to 7).

Table 17: ANOVA Outputs for Program Assignment Comparison in PSP Fund/Adv

PSP Fund/Adv
Program Assignment Program PSP Mean difference Sig.
m Assignment Level (I-J)
)
2 1 ,154 999
3 2 1,364 ,003
4 2 2,348 ,000
! 5 241 1,602 ,000
6 21 2,139 ,000
7 21 2,347 ,000
3 2 1,210 012
4 2 2,193 ,000
2 5 21 1,448 001
6 21 1,985 ,000
T 21 2,192 ,000
4 2 .983 ,082
3 5 21 237 ,994
5} 21 774 301
T 21 ,982 ,082
5 21 -, 745 ,347
4 6 21 -,208 997
7 21 -,001 1,000
5 6 21 ,537 731
7 24 , 744 349
6 7 21 207 ,997

Table 18: ANOVA Outputs for Program Assignment Comparison in PSP I/l

PSP NI
Program Assignment Program PSP Mean difference Sig.
U] Assignment Level (-J)
W)
2 0.1 -,485 ,820
3 1 502 ,795
4 1.1 ,730 ,381
1 5 2 816 248
6 21 ,948 ,109
¥ 21 1,517 ,001
3 1 987 ,083
4 11 1,216 012
2 5 2 1,301 ,005
6 21 1,434 ,001
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PSP 1N
Program Assignment Program PSP Mean difference Sig.
m Assignment Level (I-J)
)
7 21 2,003 ,000
4 11 ,228 ,995
5 2 ,314 975
3 6 21 446 871
b 21 1,015 067
5 2 ,0854 1,000
4 6 21 ,2179 ,996
7 21 786 ,290
6 21 132 1,000
5 7 2.1 701 433
6 7 21 ,569 ,682

Table 19 shows a summary of the ANOVA for the combined data.

Table 19: ANOVA Outputs for Program Assignment Comparison Combined Course Data

Program Assig| Prog Mean difference Sig.
(U} Assignment (J) (1)
2 -, 166 ,509
3 ,933 ,000
4 1,539 ,000
i 5 1,209 ,000
6 1,544 ,000
T 1,932 ,000
3 1,099 ,000
4 1,705 ,000
2 5 1,375 ,000
6 1,710 ,000
7 2,098 ,000
4 ,606 ,016
5 276 271
? 6 611 ,015
7 ,999 ,000
8 -,330 ,188
4 6 ,005 ,985
7 ,393 TJIT
6 ,335 182
5 7 723 ,004
6 7 ,388 122

As a summary of this step, we can say that for each course we found significant difference only
between assignments with different PSP levels. For the combined course we found a significant
difference between programs 2 and 3 (introduced in PSP level 2 in PSP Fundamentals) and
programs 3 and 4 (PSP the second use of level 2 in Fundamentals and PSP level 1.0 to 1.1
estimation by parts, in PSP I).

According to the design and review techniques introduced in the corresponding PSP levels, we
expected these improvements. Figure 36 shows the estimated marginal means of the log-
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transformation of defect density in unit testing versus program number, for both courses. The
graphic shows how the two courses perform differently. The declining defect level is more
consistent and larger in PSP Fundamentals through the introduction of PSP 2.0. Defect levels
appear to be more consistent by the end of the courses.

3.50

— PSP Fund/Adv
PSPI/N

250 -

2.00+

In(DDUT)

1.50

1.00 -

0.50 4

Program Number

Figure 36: Comparison of Estimated Marginal Means of Ln(DDUT) versus Program Number between
PSP Fund/Adv and PSP I/l

The third and last step of the analysis procedure consists of performing a two-way ANOVA
grouping by PSP level and course to set bounds on the importance of PSP level as a predictor.

After this test, we found that there is significant difference between PSP0 and PSP1, between
PSP0 and PSP2, and also between PSP and PSP2.1. Looking at it in more detail, results show
that

« PSPI was a factor of (.2 more effective than PSP0 at an alpha level of 0.05 with a confidence
range of the differences of [0.074, 0.939].

« PSP2 was a factor of 0.4 more effective than PSP at an alpha level of 0.05 with a confidence
range of the differences of [1.028, 1.888].

« PSP2.1 was a factor of .45 more effective than PSPO0 at an alpha level of 0.05 with a
confidence range of the differences of [1.373, 2.133].
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We also found that there is significant difference between PSP1 and PSP2, and between PSP1 and
PSP2.1. Looking at it in more detail, results show that

« PSP2 was a factor of (.22 more effective than PSP1 at an alpha level of 0.05 with a
confidence range of the differences of [0.521, 1.381].

« PSP2.1 was a factor of (.28 more effective than PSP1 at an alpha level of 0.05 with a
confidence range of the differences of [0.866, 1.626].

Figure 37 shows the 95% confidence intervals of the log-transformation of defect density in unit
testing for each PSP level, for both courses.

As a summary of this step, we can say that in both courses there is significant difference between
all PSP levels, except between PSP2 and PSP2.1. The lack of significance between PSP2 and
PSP2.1 may be because 1) the difference is too small to resolve (power of the sample), 2) the log-
transformation hides the results (transforming those zeros will reduce the effect), or 3) there is no
difference.

I PSP Fund/Adv

PSP/
3.00 i I

2.50 ‘

©

2.00 =

95% Cl In(DDUT)

0.50

T T Y T
PSPO PSP 1 PSP2 PSP2.1

PSP Level

Figure 37: 95% Confidence Interval of Ln(DDUT) for each PSP Level in PSP Fund/Adv and PSP I/ll

7.4 Threats to Validity and Limitations

By definition, defect density depends on the number of defects removed. But the number of
defects found and removed in the test phase depends on the student’s experience and on how good
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the student is in doing unit testing. Therefore, we have a threat related to testing because the tests
—those that are coincident with the treatment—may influence the student behavior.

According to the history, these courses were taught largely. but not entirely, at different times.
Newer development environments and changes in the computer language instruction may alter
subject behavior or the defect injection profile.

For a correct application of ANOVA, there is an assumption that the subjects are randomly
selected for the treatments. We did not select the students; they were the ones that selected the
course, and there is no precondition to do one course or another. So the random selection seems to
be satisfied. But on the other hand, the students who took the PSP Advanced are more likely to go
on to instruction or teaching. So, this group might respond better to the PSP instruction, and this
could be seen as a threat to validity.

Even after transformation of the data, the normality assumption for ANOVA could not be
satisfied. The distributions of defect density tend to be positively skewed, with long tails
extending to the right and a truncated range at zero. This type of non-normal distribution is to be
expected given the source of the data. There can never be a negative count for defects, so the
truncation at zero is expected. In addition, we would expect many small values of defect density
and relatively fewer large values. This positively skewed distribution is expected particularly
when engineers (as a group) reduce the defect density of the programs as they improve their
quality during the course. This is the type of data where either a logarithmic or inverse
transformation can be used to create a more nearly normal distribution [Tabachnick 1989]. Based
on our examination of the effects of these two types of transformations on the distribution of
residuals, the logarithmic transformation was used in the confirmatory analysis.

We are comparing program assignments of two course versions as if they were identical. This can
be considered a threat to validity. While the program assignments are very similar between the
courses with the same programming exercise, they differ in the process elements and process
used, so they are not exactly the same in both courses.

7.5 Conclusions

Previous studies of Personal Software Process [Hayes 1997, Rombach 2008] have examined the
effect of the PSP on the performance of software engineers. The improvements, including product
quality, were found to be statistically significant, and the observed results were considered
generalizable beyond the involved participants. Those studies only considered students of the first
version of the PSP course, which uses 10 program assignments and where there is a strong
correlation between the program assignment and PSP level. Those studies may have some threats
to external validity. In this work we try to face the generalization threat and consider the latest
two course versions to see how different process introduction approaches correlate with quality
results in PSP courses.

In this analysis we considered the work of 93 software engineers, who during PSP work
developed eight or seven programs, depending on the course version. Each subject took the
complete PSP course, either PSP for Engineers I and II or PSP Fundamentals and Advanced. We
analyzed the data collected by each student to see how review and design improve the quality of a
product in test.
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Both courses appear to be effective in demonstrating use of design and reviews and both show
reduction in defect injections. Levels achieved at end of the course are consistent with best-in-
class practice. This cross-course comparison allowed us to discover that a “Hawthorne effect” is
not as plausible as “gaining experience in the problem domain™ or PSP techniques associated with
PSP level as a causal explanation for the improvements. The strong association with PSP level
suggests that learning effects are most plausible regarding mastering PSP techniques rather than
general domain knowledge. This might be further examined in a future study with an analysis of
phase injection and removal.

Because PSP level changes so rapidly in the PSP Fundamentals and PSP I, program number and
PSP process level are tightly correlated in a way that makes separating the effects difficult. These
results cannot ensure that the observed improvements are exclusively due to mastering the process
techniques introduced in the PSP. We propose future analysis to obtain more generalizable results.
The first approach would be a control experiment, consisting of introducing students to PSP, then
remaining at PSP 1.0 through the first seven program assignments used in PSP I/I and PSP
Fundamentals/Advanced. In this way, we can see how domain learning affects software quality
improvement and then compare that result with the results of this study. A second approach would
be an extended PSP course with at least three exercises at each PSP level. We believe that this
would permit the process changes to stabilize so that we could more directly examine
improvements between programs with and without process change.

In future analysis of these data from PSP Fundamentals/Advanced and PSP I/II, we will examine
improvements in other dimensions, such as size estimation, effort estimation, defect yield, and
productivity, to determine how effectively these courses work in those dimensions.
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Resumen

Al usar un proceso de desarrollo de software, los indi-
viduos y los equipos generan datos acerca de su uso. Estos
datos son fundamentales para el seguimiento de los proyec-
tos de desarrollo de software. Es necesario contar con datos
de calidad para tomar las decisiones acertadas durante un
proyecto. Sin embargo, muchas veces estos datos no cuen-
tan con la calidad necesaria. Este articulo presenta un estu-
dio de la calidad de los datos del uso del Personal Software
Process (PSP). Identificamos 10 posibles problemas de ca-
lidad y definimos 91 métricas para medirlos. Encontramos
que un 1,34 % del total de los objetos (datos) medidos tiene
algiin error: Conocer y limpiar los datos de mala calidad
ayudan a prevenir la toma de decisiones inadecuadas du-
rante un proyecto de desarrollo de software.

1. Introduccion

Los proyectos de desarrollo de productos de software uti-
lizan (generalmente) procesos de desarrollo de software. Se
busca mediante el uso de estos procesos construir productos
de calidad, dentro del plazo y los costos establecidos. Du-
rante el uso de un proceso los individuos y equipos generan
datos acerca de su uso. Por ejemplo, registros de esfuer-
zo (tiempo empleado en cada fase), registros de fallas (y/o
defectos) y registro de versiones. Normalmente, existen he-
rramientas que dan soporte a los procesos para, entre otras
cosas, simplificar el registro de los datos mencionados [13].

Los datos que se registran del uso del proceso son fun-
damentales para el seguimiento del proyecto. El andlisis de
los mismos influye directamente en la toma de decisiones.
Sobre estos datos, en particular en los procesos que se ba-
san en el control estadistico, se realizan andlisis estadisticos
para controlar y seguir el proyecto asi como para realizar
estimaciones y predicciones [7].

Los datos recolectados pueden ser de mala calidad. Esto
provoca que los andlisis que se realicen (estimacion de ta-

maifio, costo, plazo) brinden muchas veces resultados inco-
rrectos y entonces que las decisiones que se tomen (basadas
en esos resultados) sean las equivocadas. Decisiones equi-
vocadas pueden llevar a grandes pérdidas y al fracaso del
proyecto [10].

Lamentablemente, en una extensa revision de la litera-
tura, Bachmann encuentra que casi no existen trabajos que
estudien la calidad de los datos que se recolectan durante el
uso de un proceso de desarrollo de software [3]. La mayoria
de esos pocos trabajos encontrados estudia los datos de los
registros de defectos y los datos del software de control de
versiones, dejando de lado otros datos generados durante el
uso de un proceso de desarrollo de software.

En otro estudio los autores encuentran que la mala cali-
dad de los datos del proceso de desarrollo afecta la calidad
del producto de software desarrollado [2]. Debido al seve-
ro impacto negativo que la mala calidad de los datos puede
tener es que Shepperd manifiesta “...por esto sugiero que
este tema [calidad de datos] debe convertirse en una alta
prioridad entre los investigadores de ingenieria de software
empirica” [12].

También se debe tener en cuenta que la Calidad de Datos
es un drea de investigacién en si misma, en la cual se ha ge-
nerado un gran volumen de trabajo (sobre todo en los lti-
mos afios) enfocado principalmente a: definir los distintos
aspectos de la calidad de los datos [4, 9, 11, 14], y proponer
técnicas, métodos y metodologfas para la medicién y para
el tratamiento de la calidad de los datos [4, 9, 15].

Indudablemente, importa menos la cantidad de datos de
la que se disponga que la calidad de los mismos. Dicho de
otra forma, la calidad de las decisiones es fundamental en
cualquier proyecto; y decisiones de calidad solamente se
pueden tomar contando con datos de calidad [6].

Nuestra investigacion busca realizar un aporte en el es-
tudio de la calidad de los datos recolectados durante el uso
de procesos de desarrollo de software.' Esta investigacion

!Debe quedar claro que la calidad de los datos del uso de un proceso,
la calidad del proceso y la calidad del producto son diferentes. Tanto la
calidad del proceso como la del producto son extensamente abordadas por
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se diferencia de los articulos encontrados en la revisién bi-
bliogréfica de Bachmann en dos grandes aspectos:

- Buscamos analizar todos los tipos de datos que se ge-
neran durante el uso de un proceso de desarrollo de
software y no solamente algunos tipos de datos.

- Utilizamos la disciplina Calidad de Datos como el fun-
damento y la base de nuestro estudio.

En este articulo presentamos una primera evaluacion de
la calidad de los datos del uso de un proceso de desarrollo de
software utilizando datos del Proceso Personal de Software
(Personal Software Process, de ahora en mas PSP). El PSP
es un proceso para un individuo para desarrollar médulos
y pequefios programas de software [7]. El PSP es altamente
instrumentado e incluye un marco de medicion riguroso; es-
to lo hace un proceso adecuado para nuestra investigacion.

Nuestros datos provienen de cursos dictados desde ju-
nio de 2006 hasta setiembre de 2010. Estos cursos fue-
ron dictados por el Software Engineering Institute (SEI) de
la Universidad Carnegie Mellon o por asociados (partner)
del SEI; incluyendo un nimero diferente de instructores en
miltiples paises. Contamos con 408 sujetos (ingenieros que
realizaron el curso) en nuestros datos.

Encontramos un tnico articulo que evalia la calidad de
los datos del PSP [8]. En dicho articulo se presenta la eva-
luacién de una versién “vieja” del curso del PSP. En esa ver-
sién del curso los estudiantes deben realizar muchos cilcu-
los de forma manual para obtener ciertos datos del uso del
proceso. En las versiones de cursos mds nuevas, que son las
usadas en nuestro trabajo, se utiliza una herramienta que ha-
ce los cdleulos automdticamente. Los estudiantes, por ejem-
plo, tenian que realizar estimaciones utilizando el método
de regresion lineal de forma manual. Los tipos de proble-
mas en los datos que presentan los autores son diferentes a
los que nosotros proponemos. Esto se debe a la diferencia
en las herramientas utilizadas, cémo se recolectan los da-
tos y como se realizan los cdlculos derivados de esos datos
(manual o autométicamente).

Para realizar nuestro estudio adoptamos un enfoque sis-
temitico, disciplinado y estructurado para la evaluacién de
la calidad de los datos. Utilizamos la propuesta de Batini y
Scannapieco, que proviene de la disciplina Calidad de Da-
tos [4]. Utilizamos e instanciamos dicha propuesta para lue-
go aplicarla en los datos del PSP. Esta instanciacién puede
resultar repetible en estudios similares.

La Figura 1 presenta el trabajo completo que realizamos.
Luego del dictado de los cursos del PSP se identificaron
los posibles problemas de calidad de los datos. Para cada

la literatura en ingenieria de software y en forma genérica por la literatura
en gestion de la calidad. Sin embargo, como ya presentamos, la calidad
de los datos recolectados durante el uso de un proceso de desarrollo de
software casi no es abordada en la literatura.

problema, se identificaron y ejecutaron métricas especifi-
cas cuyos resultados fueron registrados. Luego se realizé la
limpieza y migracion de los datos. Este articulo presenta los
problemas de calidad, las métricas definidas y la medicién
realizada en la base de datos del caso de estudio, dejando
fuera las actividades de limpieza de datos por un tema de
espacio.

N

FOCO DE ESTE ARTICULO
Ejecucion Identificacion de Medicion y Limpieza y
Cursos PSP Problemas de Calidad Registro Migracion

5
L

Nueva

Figura 1. Etapas del estudio realizado

El articulo estd organizado de la siguiente manera. El
PSP se presenta en la seccién 2. La seccién 3 presenta las
dimensiones y factores de la calidad de datos que son utili-
zados en este trabajo. La seccién 4 presenta la metodologia
de trabajo y los problemas de calidad de datos en el uso del
PSP. La seccién 5 presenta un ejemplo de una métrica en
particular. En la seccién 6 se presentan los resultados y en
la 7 las conclusiones.

2. El Personal Software Process

“El PSP es un proceso de mejora personal que ayuda
a controlar, gestionar y mejorar la forma de trabajo™ [7].
El proceso estd dividido en fases que se van completando
mientras se desarrolla el producto de software.

Para cada una de las fases del proceso existen gufas que
ayudan a seguir de forma correcta las actividades a desa-
rrollar en cada fase. En cada una de estas el ingeniero de
software recolecta datos sobre el tiempo utilizado en la fase
y datos sobre los defectos que se han removido en la fase.
Para cada defecto encontrado se registra: el tipo (siguiendo
una taxonomia de defectos), el tiempo que llevé detectarlo
y removerlo, la fase en la cual fue inyectado y la fase en la
cual fue removido. La Figura 2 presenta las fases del PSP,
las gufas y la recoleccién de datos.

El PSP se ensefia mediante un curso armado especial-
mente para ese fin. Durante el curso los estudiantes desa-
rrollan programas mientras, de forma progresiva, aprenden
el PSP. Existen diferentes versiones del curso, unas con 10
programas, otras con 8 y una con 7. En este articulo pre-
sentamos el andlisis de la calidad de los datos recolectados
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Figura 2. El Proceso Personal de Software

durante el dictado de cursos de 7 y 8 ejercicios. Los cursos
fueron dictados por el Softiware Engineering Institute (SEI)
de la Universidad Carnegie Mellon o por SEI Partners.

Durante el desarrollo de los programas del curso los es-
tudiantes aprenden a planificar, desarrollar y evaluar el pro-
pio proceso utilizando las précticas propuestas por el PSP.
Para realizar el primer ejercicio del curso el estudiante uti-
liza un proceso definido y simple llamado PSP 0. A medida
que el curso avanza se agregan nuevas actividades, fases y
elementos: formas de estimar tamafio y esfuerzo, cémo rea-
lizar una planificacién en el PSP, revisiones de cédigo, ele-
mentos del disefio, revisiones de disefio, etc. A medida que
estos elementos se agregan el proceso cambia. El nombre
del proceso y los elementos fundamentales que se agregan
en cada uno se presentan en la Figura 3. El PSP 2.1 es el
PSP completo.

PSP 2.1

PSP 2 " .
Plantilla de diseio

n de tarcas
Fstimacion de tamafio m del ealendario

Reporte de pruchas

PSP ol
PSP 0 >
Estindar de codificacion
Medicion de lumano
Propt

Proceso actual

esta de mejora de proceso

Tsténdar de tipos de defectos

Figura 3. Los niveles del PSP en el curso

3. Calidad de Datos

Los datos constituyen un recurso muy valioso para las
organizaciones al ser utilizados principalmente para la toma
de decisiones, siendo de suma importancia para garantizar
la sobrevivencia y éxito de las organizaciones.

La mala calidad de los datos influye de manera significa-
tiva y profunda en la efectividad y eficiencia de las organi-
zaciones asf como en todo el negocio, llevando en algunos
casos a pérdidas multimillonarias [4]. Cada dfa se hace mds
notoria la importancia y necesidad en distintos contextos de
un nivel de calidad adecuado para los datos.

Calidad de Datos es un drea de investigacion en si mis-
ma, que ha avanzado mucho en los dltimos afios, ge-
nerdndose un gran volumen de trabajo cientifico en confe-
rencias y workshops especificos [9, 11, 14, 15].

Existen distintos aspectos que hacen a la calidad de da-
tos. Estos se conocen como dimensiones de calidad. En los
trabajos del drea de Calidad de Datos se propone gran va-
riedad de conjuntos de dimensiones y de definiciones para
las mismas [9, 11, 14, 15]. Sin embargo, existe un nicleo
de dimensiones que es compartido por la mayoria de las
propuestas. Este trabajo se basa en la propuesta de Batini
y Scannapieco [4], que retine estas dimensiones consensua-
das.

En este trabajo utilizamos una abstraccién de la calidad
de datos [5]. donde ademds de las dimensiones se definen
otros conceptos para la clasificacién y el manejo de la mis-
ma. Estos conceptos son el de factor, métrica y método de
medicién. Una dimensién de calidad captura una faceta (a
alto nivel) de la calidad de los datos. Por otra parte, un factor
de calidad representa un aspecto particular de una dimen-
sién de calidad. Una dimension puede ser entendida como
un agrupamiento de factores que tienen el mismo propdsi-
to de calidad. Una métrica es un instrumento que define la
forma de medir un factor de calidad. Un mismo factor de
calidad puede medirse con diferentes métricas. A su vez,
un método de medicién es un proceso que implementa una
métrica. Se pueden utilizar distintos métodos de medicién
para una misma métrica.

Las mediciones en una base de datos relacional se pue-
den realizar a varios niveles de granularidad: celda, tupla,
tabla, e incluso a nivel de la base de datos entera. Por esto
se definen funciones de agregacién, que permiten pasar de
un nivel de granularidad de datos a otro, obteniendo la cali-
dad resumida para ese nuevo nivel. Por ejemplo, es posible
obtener una medida de calidad de una tupla a partir de las
medidas de calidad de cada una de sus celdas.

A continuacién se presentan las dimensiones y factores
de calidad utilizadas en este trabajo. De la propuesta de Ba-
tini y Scannapieco [4], no se considera la dimensién frescu-
ra relacionada con el tiempo, ya que los datos se consideran
“frescos™ y vigentes (respecto a la ejecucién del proceso los
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datos son eternamente vigentes).
Dimension: Exactitud

La exactitud indica que tan precisos, vilidos y libres de
problemas estdn los datos. Establece si existe una correcta
y precisa asociacion entre los estados del sistema de infor-
macién y los objetos del mundo real.

Existen tres factores de exactitud: exactitud semdntica,
exactitud sintdctica y precision. La exactitud semdntica se
refiere a la cercania que existe entre un valor v y un valor
real v'. Interesa medir que tan bien se encuentran represen-
tados los estados del mundo real en el sistema de informa-
cion.

La exactitud sintdctica se refiere a la cercania entre un
valor v y los elementos de un dominio D. Interesa saber si
v corresponde a algtin valor vilido de D, sin importar si ese
valor corresponde a uno del mundo real.

La precisién, por otra parte, se refiere al nivel de detalle
de los datos.

Dimension: Completitud

La completitud indica si el sistema de informacién con-
tiene todos los datos de interés, y si los mismos cuentan con
el alcance y profundidad que sea requerido. Establece la ca-
pacidad del sistema de informacién de representar todos los
estados significativos de una realidad dada.

Existen dos factores de la completitud: cobertura y den-
sidad. La cobertura se refiere a la porcién de datos de la
realidad que se encuentran contenidos en el sistema de in-
formacién. La densidad se refiere a la cantidad de informa-
¢ién contenida y faltante acerca de las entidades del sistema
de informacién.

En un modelo relacional la completitud (en particular,
la densidad) se caracteriza principalmente por los valores
nulos. Un nulo puede indicar que dicho valor no existe, que
existe pero no se conoce, 0 que no se sabe si existe en el
mundo real.

Dimension: Consistencia

Esta dimensién hace referencia al cumplimiento de las
reglas semdnticas que son definidas sobre los datos. La in-
consistencia de los datos se hace presente cuando existe méds
de un estado del sistema de informacién asociado al mismo
objeto de la realidad, y hay contradicciones entre dichos es-
tados.

Las restricciones de integridad definen propiedades que
deben cumplirse por todas las instancias de un esquema re-
lacional. Se distinguen tres tipos de restricciones de inte-
gridad, las cuales se corresponden con los factores de esta
dimension.

Las restricciones de dominio, se refieren a la satisfaccion
de reglas sobre el contenido de los atributos de una relacion.

Las restricciones intra-relacion, se refieren a la satisfac-
¢ién de reglas sobre uno o varios atributos de una relacion.
Las restricciones inter-relacién, se refieren a la satisfaccién
de reglas sobre atributos de distintas relaciones.

Dimension: Unicidad

La unicidad indica el nivel de duplicacién de los datos.
La duplicacién ocurre cuando un objeto del mundo real se
encuentra representado mds de una vez en los datos, esto
es, varias tuplas representan exactamente el mismo obje-
to. Distinguimos dos factores de la dimensioén Unicidad. La
duplicacion, cuando la misma entidad aparece repetida de
manera exacla, y la contradiccién, cuando la misma entidad
aparece repetida con contradicciones.

4. Problemas de Calidad en los Datos

Esta seccion se subdivide en dos subsecciones. En la pri-
mera se presenta la metodologfa de trabajo y en la segunda
se presentan los problemas de calidad identificados.

4.1. Metodologia de Trabajo

EI primer paso hacia la identificacion de los problemas
de calidad que podrian contener los datos bajo estudio, fue
conocer la realidad y el contexto a analizar. Esto incluye el
PSP, la herramienta para el registro de los datos y el propio
modelo de la base de datos que utiliza la herramienta.

Una vez conocida la realidad y el contexto procedimos
a analizar las dimensiones y factores de calidad propuestos
por Batini y Scannapieco [4], que resulten interesantes de
medir para dicho conjunto de datos.

Teniendo en cuenta cudles son los datos relevantes y las
dimensiones y factores de calidad a medir, se realizé una ex-
ploracién de la herramienta utilizada en los cursos del PSP
para registrar los datos del proceso, y un andlisis de la es-
tructura de la base de datos que los contiene. El foco estuvo
en los valores que se ingresan de forma manual en la herra-
mienta, ya que es alli donde ocurrirdn la mayor cantidad de
errores en los datos.

También fueron analizadas las Grading Checklists, utili-
zadas por los instructores para la correccion de los ejercicios
realizados durante el curso, las cuales resultaron ser un gran
aporte para identificar métricas relevantes para la calidad de
datos en el PSP.

Clasificamos las métricas obtenidas en dos tipos: las que
seguro miden un error en los datos y aquellas que permiten
identificar datos sospechosos pero no nos permiten asegu-
rar sea un error de datos. Por ejemplo, un valor negativo en
un registro de tiempo es indudablemente un error en los da-
tos. Por otro lado, resultaria sospechoso si un ingeniero no
hubiese registrado ningtin defecto considerando todos los
programas desarrollados. En ese caso, es probable que el
ingeniero haya olvidado registrar algin defecto durante el
desarrollo, pero no podemos asegurarlo.
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4.2. Definicién de los Problemas de Calidad

La Figura 4 muestra la relacién que existe entre dimen-
siones, factores, problemas y métricas, y ¢cémo se aplican
estos conceptos en un caso particular. Mientras que la defi-
nicion de dimensién y factor de calidad es general y resulta
aplicable en cualquier contexto, los problemas y métricas
son especificos y definidos para el PSP, pudiendo ser utili-
zados para otros procesos de desarrollo de software.

DIMENSIONES ] EewLo: | Exactitud
b . o .
. FACTORES ‘ Sihtactica ] | Precision I s
I GENERAL
i ESPECIFICO | -
T Valor fuera | Precsidmen'
PROBLEMAS ’ derango tiempos. J
n Valor fuerade | Precisiénen |
rango en tiempos de
METRICAS ‘ tiempos defectos |

Figura 4. Relacion entre Dimensiones, Facto-
res, Problemas y Métricas

Las dimensiones de calidad de datos que se miden son:
Exactitud, Completitud, Consistencia y Unicidad. En el
Cuadro 1 se muestran todos los problemas identificados pa-
ra cada factor y cada dimension de calidad.

Di i0 Factor Problema de Calidad
Exactitud Valor fuera de rango
Exactitud sintdctica
Exactitud Identificador de proyec-
semdntica Lo incorrecto
Precision Precision en tiempos
Completitud Densidad Valor nulo
Cobertura Registro inexistente
Integridad de | Reglas de integridad de
.. | dominio dominio
R Integridad Reglas de integridad
intra-relacion | intra-relacién
Integridad Reglas de integridad re-
referencial ferencial
Referencia invilida
Unicidad Duplicacién | Registro Duplicado

Cuadro 1. Problemas de Calidad en los datos

A continuacion se describe brevemente cada problema
de calidad identificado. Para todos los casos, la unidad de
medida del resultado es booleana: se mide si el objeto me-
dido contiene 0 no un problema. Los problemas se miden,

en la mayoria de los casos y salvo que se indique lo contra-
rio, mediante la definicién y ejecucién de consultas SQL.
Valor fuera de rango

Los valores fueras de rango son aquellos que se sittan
fuera de un rango previamente definido como vilido. Di-
chos valores podrian corresponder a valores anémalos y ha-
cer que los resultados y conclusiones obtenidas al analizar
los datos no reflejen fielmente la realidad.

Para cada uno de los casos identificados (por ejemplo, los
tiempos) se establecen los criterios para determinar apro-
piadamente el rango que se va considerar para evaluar los
valores, y se identifican los outliers mediante consultas en
SQL. Un outlier es un valor que es inusualmente mayor o
menor que otros valores en un conjunto de datos, pero que
no corresponde necesariamente a un valor erréneo.

El rango se determina considerando el valor medio y la
desviacion estdndar de los valores registrados. Los valores
que se sitden fuera de dicho rango se considerardn candi-
datos a contener errores, y por lo tanto serdn analizados de
manera aislada.

Identificador de proyecto incorrecto

Todos los usuarios deberian utilizar los mismos identi-
ficadores para hacer referencia a los mismos proyectos de
la realidad.? De no ser asf, resulta inviable poder realizar
andlisis de datos por proyecto.

Con este problema se identifican todos los proyectos que
tienen asociado el proceso PSP correcto, pero su identifica-
dor de proyecto no se corresponde con la realidad.
Precision en tiempos

Con este problema se desea medir el nivel de precision
de los tiempos registrados, ya que interesa conocer el mo-
mento de tiempo exacto en el cudl fue registrado un defecto.
No deberia suceder que las horas, minutos y segundos de los
tiempos registrados sean todos iguales a 0.

Valor nulo

Interesa conocer qué informacion fue registrada y cudl
fue omitida. Para aquella informacién que fue omitida, in-
teresa conocer la causa de la omisién, y en caso que sea
posible, determinar el valor que deberfa tomar en lugar de
nulo.

Se identifican los campos que admiten nulos, pero de-
berian en la realidad contener algtin valor distinto de vacio
(el hecho de que admitan nulos es debido a un disefio in-
correcto de la base de datos que utiliza la herramienta del
curso del PSP).

Registro inexistente

Se identifican aquellos registros que no existen en la ba-
se pero si existen en la realidad, y por lo tanto se omiti6 su
ingreso. Esto significa que existe una porcién de datos de la
realidad que no se encuentra reflejada en la base de datos. Si

“En el PSP cada ejercicio (programa) tiene asignado un proceso (desde
PSPO a PSP2.1). Cada uno de estos programas tiene un identificador de
proyecto.

IX Joradas Iberoamericanas de Ingenieria del Software ¢ Ingenieria del Conocimiento

Lima, Peni

41

228




Appendix 6. Publications

no contamos con el universo total de datos, los andlisis es-
tadisticos que se lleven a cabo reflejard solamente una parte
de la realidad estudiada.

Reglas de integridad de dominio

Para algunos atributos, es posible definir el dominio al
cual sus valores deben pertenecer. En este caso, se define
que el dominio vdlido para ciertos valores debe ser siempre
mayor a cero.

Reglas de integridad intra-relacion

Se definen un conjunto de reglas sobre ciertos atributos
de una misma tabla, que deben ser satisfechas en la base
bajo estudio. El hecho de que alguna de estas reglas sea
violada, afecta la consistencia de los datos y por lo tanto
cualquier andlisis que se lleve a cabo a partir de estos.
Reglas de integridad referencial y Referencia invilida

Se definen un conjunto de reglas sobre ciertos atributos
de diferentes tablas, que deben ser satisfechas en la base
bajo estudio.

En particular, se identifican referencias hacia determina-
das tuplas que no existen en la base y por lo tanto resultan
ser referencias invélidas. Esto se debe a un error en el di-
sefio del esquema de la base de datos, ya que se omite la
definicion de foreign keys sobre ciertos atributos.

Registro duplicado

Se identifica este problema de calidad cuando existen dos
o mds registros que aparecen repetidos de manera exacta.
Existen dos situaciones:

- Cuando contienen el mismo valor en la clave y demds
atributos (o en su defecto valores nulos). Este caso se
contempla con controles del SGBD.

- A pesar de contener distinta clave primaria, hacen re-
ferencia al mismo objeto de la realidad y contienen los
mismos datos en los campos que se definan. Para es-
te caso se verifica que no existan registros repetidos
(segtin el criterio definido) en la base bajo estudio.

Se consideran dos casos. La duplicacion de defectos, que
corresponde a defectos registrados a la misma hora exacta, y
la duplicacion de estudiantes, que corresponde a estudiantes
que contienen el mismo nombre, mismo instructor y misma
fecha de creacion de perfil en la herramienta.

5. Ejemplo de Métrica

A modo de ejemplo en esta seccién se presenta como se
aplicé una métrica de un problema de calidad concreto, a
un objeto de la base en particular. De esta forma se puede
entender el trabajo realizado para cada uno de los problemas
y mélricas identificados.

Recordemos que una métrica es un instrumento que defi-
ne la forma de medir un factor de calidad. En nuestro traba-
jo, definimos métricas para los problemas de calidad como

el instrumento que asigna un ndmero a un problema sobre
uno o varios objetos de la base (atributos, tuplas y/o tablas
especificas), dependiendo de su granularidad. Una misma
mélrica puede entonces ser utilizada sobre diferentes obje-
tos.

Presentamos como ejemplo la métrica “Precisién en
tiempos de defectos”, que se encuentra definida dentro del
problema de calidad “Precision en tiempos”. Este problema
lo ubicamos dentro del factor Precision y dimension Exac-
titud.

Los ingenieros que realizan los cursos de PSP deben in-
gresar el momento exacto (fecha incluyendo hora, minuto y
segundo) en el cual un defecto es removido. Esto se registra
en la herramienta de forma manual, lo que puede ocasionar
que se introduzcan errores en los datos. Dado que durante la
exploracion de la base de datos realizada para identificar los
problemas de calidad detectamos que existian registros sin
la precisién adecuada, resulta interesante medir cudles son
los registros que no cuentan con el detalle de hora, minuto
y segundo.

Como vimos en la seccién anterior, se estudié la reali-
dad y el contexto, y se identificé un problema correspon-
diente a un factor de calidad y a una dimension. Luego se
define la métrica como instrumento de medicién de dicho
factor. Para esta métrica particular, la definicién es: “Las
horas, minutos y segundos, que corresponden a un registro
de tiempo no son todos iguales a cero”. También se debe
especificar la forma de medicién, la unidad del resultado y
el método de medicién. En este caso, la forma de medicién
consiste en encontrar los registros de defectos que cumplen
que “hh:mm:ss” es igual a “00:00:00”, donde el formato de
fecha es “yyyy-mm-dd hh:mm:ss”. Se define la unidad del
resultado como un booleano, por lo tanto lo que obtenemos
como resultado es si el registro medido es erréneo o no. El
método de medicion definido para esta métrica es la ejecu-
cién de una consulta SQL.

Al ejecutar la medicién detectamos 1512 registros que
contienen valores en el tiempo de defectos sin la preci-
sion adecuada de un total de 20916 registros de defectos
(7.23 %). Si lo vemos a nivel de ingeniero, detectamos 149
ingenieros distintos que cometieron este error al menos una
vez de un total de 408 ingenieros (36,52 %).

En la Figura 5 se muestra un histograma que nos permite
ver qué porcentaje de error cometen los ingenieros y como
se distribuyen los mismos. En el mismo podemos observar
que si bien el 63,48 % de los ingenieros tuvieron la totalidad
de sus registros de defectos sin este error, también existen
ingenieros que cometieron este error en la totalidad de sus
registros (2.45%).

Para poder entender por qué los ingenieros cometieron
este error, decidimos explorar més a fondo la herramienta
de registro utilizada en los cursos de PSP y encontramos
que hay un defecto en la misma. Ya que al momento de re-
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cantidad de ingeniers

Figura 5. Distribucion de ingenieros segun
porcentajes de error

gistrar un defecto, si se hace “doble click” en el campo de la
fecha, el valor se pone correctamente con el formato “yyyy-
mm-dd hh:mm:ss”, pero sin embargo si se hace click en el
calendario y se elige la fecha del dia, la parte de “hh:mm:ss”
queda con el valor “00:00:00", siendo esto tGltimo dificil de
detectar por el ingeniero.

En esta seccién no s6lo vimos como definir una métri-
ca y ejecutar la medicién, sino una forma de visualizar los
resultados y la interpretacioén de los mismos. Existen otras
maneras de observar los resultados de la medicién, como
puede ser a través de un diagrama de dispersién para ver
c6mo evoluciona el porcentaje de error a medida que van
avanzando los ejercicios del curso. De esa forma se pue-
de detectar, por ejemplo, si los porcentajes de errores van
bajando, si se mantienen constantes o si aumentan a medida
que avanza el curso. Esta informacién puede ayudar (de for-
ma temprana) a un instructor a ajustar problemas que tengan
los estudiantes con la recoleccién de los datos. Recordemos
que es importante lograr tener la mejor calidad de los datos
posible, ya que muchas veces los ingenieros basan sus de-
cisiones y estimaciones en datos histéricos, y si los mismos
tienen problemas de calidad, es probable que las decisiones
tomadas no sean las mds acertadas.

6. Resultados Generales

Se identificaron 10 problemas de calidad, y se definieron
un total de 91 métricas para medir estos problemas aplica-
dos sobre objetos (celdas y/o tuplas) de la base. Realiza-
mos la medicion de la totalidad de las métricas que fueron
definidas. La ejecucién de la medicién para estas métricas
se realizé en el 100% de los casos de manera automati-
ca mediante sentencias SQL, donde para un 20 % de los
casos se utilizaron algoritmos programados en PHP. Esta
seccién presenta los resultados mds importantes y de for-

ma general. Los resultados completos de nuestro andlisis se
encuentran en: www. fing.edu.uy/inco/grupos/gris/psp-data-
quality.htm.

En el Cuadro 2 se muestra la cantidad de métricas defini-
das para cada problema de calidad, la cantidad de métricas
que corresponden a errores y la cantidad que corresponden
a casos sospechosos. Ademds se indica, para cada problema
de calidad, el porcentaje de objetos con la presencia de ese
problema de calidad segin se consideren las métricas que
miden errores o casos sospechosos.

Luego de ejecutar todas las mediciones, observamos que
un 1,34 % del total de los objetos medidos tiene algiin error.
Si consideramos tinicamente las métricas que miden errores
(y no contamos los casos sospechosos) ese valor baja a un
0,99 %, y si consideramos solamente las métricas que miden
casos sospechosos el porcentaje de objetos con error ascien-
de a un 2,10 %. El estudio de Johnson y Disney presentaba
un 4,8 % de errores en los datos [8]. En ese caso muchos
de los errores en los datos se debian a cdlculos manuales de
datos derivados, situacion que no ocurre con las herramien-
tas actuales de soporte al PSP. Esta diferencia en la calidad
de los datos debido a las herramientas utilizadas es también
mencionada por Bachmann y Bernstein: “También discuti-
mos el impacto de las caracteristicas de los proyectos [es-
tudiados] y concluimos que, por ejemplo, la naturaleza de
los procesos de ingenieria de software, el uso de distintas
herramientas de soporte a los procesos, [...] resultan en ca-
racteristicas diferentes en los datos™ [1].

Estos resultados de calidad, vistos tanto a nivel global
como a nivel particular para cada problema de calidad, pue-
den estar indicdndonos que es necesaria una limpieza de los
datos para garantizar que los futuros andlisis estadisticos de
los datos de estos cursos sean sobre datos vilidos. Caso con-
trario los resultados y las conclusiones de dichos andlisis
pueden no corresponderse con la realidad.

Por otro lado, desde el punto de vista de la prictica de
la ingenierfa de software, queda claro que es necesario un
andlisis de la calidad de datos del uso de un proceso antes de
utilizarlos. Evitar usar datos de mala calidad puede prevenir
la toma de decisiones inadecuadas en el transcurso de un
proyecto.

7. Conclusiones

En este articulo presentamos el uso de un enfoque sis-
temdtico, disciplinado y estructurado de la disciplina Ca-
lidad de Datos para identificar y medir los problemas de
calidad en los datos recolectados durante el uso del PSP.
No encontramos en la literatura otros estudios o publicacio-
nes que aborden esta problemdtica con un enfoque como el
que aqui se presenta. Esta propuesta puede ser utilizada, con
adaptaciones, en otros procesos de desarrollo de software.

Los resultados muestran que el porcentaje de datos de
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Problema de Calidad # total de | # métricas | # métricas | % objetos | % objetos
métricas error sospechosos | con error sospechosos

Valor fuera de rango 8 0 8 0.00 % 3.20%
Identificador de proyecto incorrecto 1 1 0 8.66 % 0.00 %
Precision en tiempos 1 1 0 7.23% 0,00 %

Valor nulo 26 26 0 132% 0.00 %
Registro inexistente 3 1 2 0.12% 16.90 %
Reglas de integridad de dominio 15 15 0 1,29% 0.00 %
Reglas de integridad intra-relacion 5 2 3 1.05% 0.40 %
Reglas de integridad referencial 10 9 1 11,94 % 3.44%
Referencia invalida 20 20 0 0.04 % 0.00 %
Registro duplicado 2 2 0 1.62 % 0.00 %

Cuadro 2. Cantidad de métricas y porcentajes de objetos con error para cada problema de calidad

mala calidad es menor al presentado en otro andlisis rea-
lizado anteriormente [8]. Existe una diferencia importante
entre nuestro estudio y el anterior: el uso de una herramien-
ta de soporte al proceso. En el estudio anterior los datos eran
recolectados en papel y los célculos que habia que realizar
con dichos datos eran manuales. En nuestro estudio utiliza-
mos cursos del PSP que ya contaban con el soporte de una
herramienta que permite una mejor recoleccion de los datos
y el cdleulo automdtico de datos derivados.

La deteccién de errores en los datos asf como su limpie-
za es importante en el contexto del uso de los procesos de
desarrollo de software. Los datos que se generan durante el
uso de un proceso son utilizados luego para predicciones,
cdlculos de avance del proyecto, etc. Si los datos que se uti-
lizan son de mala calidad puede suceder que las decisiones
que se tomen durante ¢l proyecto, o acerca de un nuevo pro-
yecto, sean las decisiones equivocadas.

Por otro lado, la ingenieria de software empirica utiliza
datos de diversos experimentos o casos de estudio que luego
analizar para confirmar o descartar ciertas hipdtesis. Si los
datos que se utilizan son de mala calidad las confirmaciones
o rechazos realizados durante el estudio empirico pueden
ser incorrectos.

Desde la perspectiva de la ingenierfa de software empiri-
ca este articulo busca concientizar acerca de la importancia
que tiene la disciplina de calidad de datos para los procesos
de desarrollo de software. Desde la perspectiva de la calidad
de datos, este trabajo muestra una aplicacién de las técnicas
de medicion de calidad y de limpieza de datos a un dominio
particular.
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