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Capítulo 1.  

 

1.1 Introducción 
 
El software se ha vuelto muy común e importante en el mundo moderno actual. 

El tamaño, la complejidad de las aplicaciones, las tasas apresuradas de entregas de 
proyectos, las características de los equipos de desarrollo, entre otros, hacen que 
los productos de software contengan defectos. Estos defectos pueden ocasionar 
fallas en el software mientras este se está ejecutando [Sommerville 10]. 

La búsqueda de desarrollar software cero defectos ha dado lugar a un gran 
número de procesos y metodologías de desarrollo. El Personal Software Process 
(PSP) es uno de estos procesos. El PSP aplica disciplina de proceso y gestión cuan-
titativa al trabajo individual del ingeniero de software. Promueve la utilización de 
prácticas específicas durante todas las etapas del desarrollo con el objetivo de me-
jorar la calidad del producto y aumentar la productividad del individuo [Humphrey 
05, Humphrey 06].  

Por otro lado, los métodos formales son un conjunto de técnicas para especifi-
car, desarrollar y verificar sistemas software mediante el uso del lenguaje matemá-
tico.  Consisten en demostrar matemáticamente que los programas producidos 
cumplen sus especificaciones. El diseño por contrato (DbC) es una técnica para el 
diseño de los componentes de un sistema de software, mediante el establecimiento 
de las condiciones (pre y post condiciones) y el comportamiento en un lenguaje 
formal. Cuando las técnicas y herramientas incorporadas permiten demostrar que 
se cumplen los requisitos establecidos, estamos en presencia de un método formal 
generalmente llamado Verified Design by Contract (VDbC). 

En esta tesis se construye una adaptación al PSP que incorpora VDbC con el 
objetivo de mejorar, en comparación con el uso del PSP sin VDbC, la calidad de los 
productos y mantener o mejorar la productividad del individuo. Denominamos 
PSPVDC a nuestra propuesta. Esperamos de esta forma aportar en la búsqueda de 
procesos que ayuden a desarrollar productos de software muy cercanos a cero de-
fectos.  
 

1.2 Contexto 

 
El PSP se divide en fases, como se observa en la figura 1.1. Comienza cuando 

el ingeniero recibe los requerimientos para un programa o componente de software 
y termina en el momento en que se libera el mismo. Las fases son: Planning, De-
sign, Design review, Code, Code review, Compile, Unit Test y Post-mortem.1 

                                                           
1
 Se decide mantener algunas palabras en inglés a lo largo de la tesis debido a que son términos comúnmente utiliza-

dos y entendidos en esta disciplina. 
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Figura 1.1 – Fases del PSP 

 

El PSP se enseña a través de un curso. Durante el curso, los ingenieros cons-
truyen programas al mismo tiempo que aprenden a planificar, desarrollar y seguir 
las prácticas propuestas por el PSP. Se han recogido y analizado estadísticamente 
los datos sobre la productividad de los ingenieros durante el  curso en varias oca-
siones. Los resultados revelan que el PSP reduce la cantidad de defectos por línea 
de código (densidad de defectos) que llegan hasta la fase de Unit Test [Hayes 97] 
y, por lo tanto, la aplicación del PSP mejora significativamente la calidad del pro-
ducto. La sección 2.2 del Capítulo 2 presenta con mayor profundidad el PSP. 

Los Métodos Formales, a su vez, participan de la misma estrategia metodológi-
ca como la del PSP, es decir, haciendo énfasis en los procedimientos de desarrollo 
(opuesto a depender del testing y la depuración). Establecen un requisito en este 
sentido, que consiste en demostrar matemáticamente que los programas produci-
dos cumplen sus especificaciones. Diseño por contrato (DbC) es una técnica ideada 
(y patentada) por Bertrand Meyer  para el  diseño de los componentes de un siste-
ma de software, mediante el establecimiento de las condiciones (pre y post condi-
ciones) en un lenguaje formal [Meyer 92]. 

Cuando las técnicas y herramientas incorporadas permiten realizar la demos-
tración de la concordancia de cada pieza de software con su especificación estamos 
en presencia de un método formal generalmente llamado Diseño por Contrato Veri-
ficado (VDbC). La sección 2.3 del Capítulo 2 presenta con mayor profundidad VDbC 
y el Anexo B presenta un ejemplo del uso de VDbC utilizando el lenguaje JML. 

 
 

1.3 Objetivos 
 
Nuestro objetivo general es proponer un proceso de desarrollo de software que 

mejore la calidad de los productos. Específicamente en esta tesis, se pretende 
construir una adaptación al PSP, denominada PSPVDC que incorpora el enfoque de 
VDbC. Se propone también como objetivo la planificación y el diseño de experimen-
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tos controlados que permitan comprobar si PSPVDC mejora la calidad de los produc-
tos y mantiene o mejora la productividad individual con respecto a PSP. 

 
A continuación se presentan los objetivos con las preguntas de investigación 

asociadas: 
 

Objetivo 1 - Conocer adaptaciones ya realizadas al PSP que incorporen métodos 
formales. 

Pregunta de investigación 1: ¿Existen adaptaciones al PSP que incorporan 
métodos formales? 

 
Objetivo 2 – Construir una adaptación al PSP que incorpore VDbC. 
Preguntas de investigación 2: ¿Es adaptable el PSP para incorporar VDbC? 

¿Cuál sería una adaptación razonable? 
 

Objetivo 3 – Planificar y diseñar un estudio empírico para comparar la calidad y 
productividad de PSPVDC con respecto a PSP. 

Preguntas de investigación 3: ¿Cómo sería una planificación adecuada para 
comparar los procesos? ¿Cuál sería un diseño adecuado? 

 

1.4 Adaptaciones al PSP 

 
Con el fin de responder a la primera pregunta de investigación realizamos una 

revisión sistemática de la literatura que busca conocer las adaptaciones al PSP que 
ya fueron documentadas. En particular nos interesa conocer las adaptaciones que 
incorporan (o que fueron realizadas para incorporar) métodos formales.  

Una revisión sistemática de la literatura es un medio de identificación, evalua-
ción e interpretación de toda la información que se disponga relativa a una pregun-
ta de investigación, área temática o fenómeno de interés [Kitchenham 07].   

La revisión sistemática realizada como parte de esta tesis describe el motivo de 
la revisión, las preguntas de investigación, la estrategia de búsqueda, los criterios 
de inclusión/exclusión, el control de calidad, la extracción y síntesis de los datos y 
los resultados respetando la forma de presentar revisiones propuesta por Kitchen-
ham [Kitchenham 07]. 

Se encontraron tres trabajos que adaptan el PSP para incorporar métodos for-
males y dos que adaptan al PSP pero sin incorporar métodos formales. De los tra-
bajos que incorporan métodos formales, dos de ellos utilizan el lenguaje formal 
VDM y el otro el lenguaje formal B. De los trabajos que no incorporan métodos 
formales, uno de ellos adapta el PSP para incorporar el método de programación de 
a pares (pair programming) y el otro integra al PSP técnicas de desarrollo de soft-
ware dirigido por modelos. 

Todas las propuestas encontradas modifican scripts, templates y formularios 
para dar soporte a los nuevos procesos.  Algunas optan por mantener las mismas 
fases de desarrollo del PSP agregando actividades, mientras que otras incorporan 
nuevas fases al proceso.  

Los resultados de la revisión sistemática se presentan en el Capítulo 3. 

 

1.5 El PSPVDC 
 

Para responder a la segunda pregunta investigamos cómo integrar Verified De-

sign by Contract (VDbC) al PSP. Como resultado de la investigación desarrollamos  
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una adaptación al PSP, denominada PSPVDC. El objetivo de esta adaptación es redu-
cir el número de defectos por línea de código que llega a la fase de Unit Test (en 
comparación con el uso del PSP) preservando la productividad del ingeniero. 

PSPVDC incorpora nuevas fases y modifica otras, así como agrega nuevos scripts 
y check lists al PSP. La figura 1.2 ilustra las fases del PSPVDC y las compara con el 
PSP. Las flechas rojas mapean las fases nuevas del PSPVDC que se corresponden con 
actividades específicas dentro de otras fases del PSP. Específicamente en PSPVDC se 
agregan las fases: 

· Test Case Construct: se lleva a cabo luego de la revisión de diseño. Du-
rante esta fase se construye el conjunto de casos de prueba a utilizar 
para testear el programa 

· Formal Specification: durante esta fase se especifican formalmente los 
contratos (Design by Contract). Las pre- y post- condiciones de los 
métodos y el invariante de la clase son especificados en un lenguaje 
formal. 

· Formal Specification Review: la revisión de la especificación formal tiene 
el propósito de detectar los defectos inyectados durante la especificación 
formal. 

· Formal Specification Compile: la compilación consiste en el chequeo au-
tomático de la sintaxis de la especificación formal. 

· Pseudo code: durante esta fase se escribe el pseudo código de los 
métodos de las clases. 

· Pseudo code Review: en esta fase se revisa el pseudo código anterior-
mente producido 

· Proof: La idea general de esta fase es complementar el código con una 
prueba formal. El objetivo es que la prueba provea evidencia de la co-
rrectitud del código con respecto a las especificaciones formales (Veri-

fied Design by Contract). Esta prueba debe ser llevada a cabo con la 
ayuda de una herramienta. 

 El PSPVDC se presenta de forma completa en el Capítulo 2. 
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      Planning 

        Design 

Design Review 

         Code 

  Code Review 

      Compile 

     Unit Test 

   Postmortem 
 

 

Figura 1.2 – Las fases de PSP y PSPVDC  

 

1.6 Experimentos Controlados 
 
Para lograr el objetivo de investigación 3 planteamos una propuesta para com-

parar el PSPVDC con el PSP mediante la realización de experimentos controlados. Los 
experimentos controlados son una técnica de investigación en la cual se quiere te-
ner control del estudio y del entorno en el que éste se lleva a cabo2.  

Debido a que el PSPVDC puede tener dificultades en su aprendizaje, definimos 2 
niveles que permiten introducir los conceptos del PSPVDC gradualmente. El nivel 1 
denominado PSPVDC light y el nivel 2 denominado PSPVDC full. El PSPVDC light no utili-
za la prueba de programas mientras que el PSPVDC full sí. Estos niveles permiten 
armar un curso que introduzca gradualmente las prácticas del PSPVDC, explicando 
entre otras cosas en el nivel 1 lo correspondiente a especificaciones formales y en 
el nivel 2 los conceptos de las pruebas.  

Proponemos la planificación y el diseño de dos experimentos controlados, de-
nominados experimento light y experimento full respectivamente. El objetivo de los 
experimentos es conocer y comparar la calidad de los productos y productividad 
que se obtiene al aplicar ambos procesos. Definimos calidad como la densidad de 
defectos encontrados en  la fase de Unit Test (cantidad de defectos/LOCS), y la 
productividad como la cantidad de líneas de código producidas por hora 
(LOCS/horas). 

Los experimentos se pretender realizar en el contexto de la Universidad de la 
República como parte de una materia de Facultad. 

En el experimento light se comparan el PSPVDC light y el PSP y en el experimen-
to full se comparan el PSPVDC full y el PSP. Durante el experimento light un grupo de 

                                                           
2
 El Anexo A, sección “Experimentos Formales” presenta los conceptos básicos de los experimentos controlados en 

ingeniería de software. 

Fases nuevas 
específicas para 
dar soporte al 
enfoque de 
diseño por 
contrato 

Fase nueva 
específica para 
dar soporte a la 
prueba formal 
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estudiantes aplica PSP o PSPVDC light a un conjunto de ejercicios. La mitad de los 
estudiantes aplicará el PSP y la otra mitad el PSPVDC light sobre los mismos ejerci-
cios. Los estudiantes deberán ser previamente entrenados. Los entrenamientos 
consisten en capacitar a los estudiantes en el PSP, el PSPVDC light y métodos forma-
les antes de la ejecución del experimento. 

De forma similar, durante el experimento full un grupo de estudiantes aplica 
PSP o PSPVDC full a un conjunto de ejercicios. La mitad de los estudiantes aplica PSP 
y la otra mitad PSPVDC full sobre los mismos ejercicios. El experimento PSPVDC full se 
pretende realizar un año después que el experimento PSPVDC light y con estudiantes 
diferentes. Los estudiantes deberán ser entrenados en PSP, PSPVDC full, métodos 
formales y técnicas de verificación de programas.  

Se definen y planifican ambos experimentos. Se establecen los objetivos, los 
diseños experimentales, los test de hipótesis, se planifica el armado de los cursos y 
los entrenamientos a los sujetos. La ejecución y el análisis de datos quedan por 
fuera del trabajo de esta tesis. Sin embargo, se propone el plan de la ejecución que 
se desea llevar adelante y cómo se pretenden analizar los resultados.  

 

 

1.7 Publicaciones 
 

En el transcurso de esta tesis se publicaron artículos en revistas (arbitradas y 
no arbitradas), en conferencias y reportes técnicos. 

La primera propuesta de la adaptación al PSP que incorpora diseño por contrato 
fue publicada en el TSP Symposium 2012.  

· Silvana Moreno, Álvaro Tasistro, Diego Vallespir, William Nichols. PSPDC: An 
Adaptation of the PSP to Incorporate Verified Design by Contract in Proceed-
ings TSP Symposium 2012: Delivering agility with discipline (Special Report 
Software Engineering Institute, Carnegie Mellon University, CMU/SEI-2012-
SR-015), pp.41—50, Saint Petersburg, Florida, EEUU, Setiembre 2012. 

 
La propuesta final, que incorpora Verified Design by Contract al PSP se publica 

como reporte técnico del SEI. Este artículo se corresponde con el capítulo 2 de la 
tesis. 

· Silvana Moreno, Álvaro Tasistro, Diego Vallespir, William Nichols. PSPVDC: An 
Adaptation of the PSP to Incorporate Verified Design by Contract. Technical 
Report, CMU/SEI-2013-TR-005, ESC-TR-2013-005. Abril 2013. 

 
La revisión sistemática de la literatura sobre adaptaciones al PSP se publica 

como Reporte Técnico del PEDECIBA. 
· Silvana Moreno, Álvaro Tasistro, Diego Vallespir “Systema-

tic Literature Review of PSP Adaptations”, Reporte Técnico InCo/Pedeciba-
2013 TR13-05. 

 
Se genera una nueva versión del Reporte Técnico “Conceptos de Ingeniería de 

Software Empírica” incorporando el método de investigación de Estudio de Casos y 
los trabajos de investigación realizados por el Grupo de Ingeniería de Software. 

· “Conceptos de Ingeniería de Software Empírica”, versión 2.0. Reporte Técni-
co InCo/Pedeciba-2013 TR: 13-01. 

Se presentó un artículo a la revista Milveinticuatro (no arbitrada) que aún no se 
ha publicado. 

· Silvana Moreno, Diego Vallespir, Álvaro Tasistro. “Pruebas Unitarias en Java: 
Diseño por Contratos”, Milveinticuatro 
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1.8 Estructura del Documento 
 
El documento de tesis contiene un total de 5 capítulos y 2 anexos. En el capítu-

lo 1 se presenta la introducción. 
El capítulo 2 presenta de forma completa el PSPVDC. Este capítulo es el Reporte 

Técnico publicado en el Software Engineer Institute (SEI) y está escrito en inglés. 
En este artículo, el autor de esta tesis fue el autor principal y es responsable de la 
propuesta PSPVDC, la cual fue discutida, criticada y mejorada en varias oportunida-
des por los demás autores. 

El capítulo 3 presenta la revisión sistemática realizada para conocer las distin-
tas adaptaciones existentes del PSP.  Este capítulo es el Reporte Técnico PEDECI-
BA-InCo y también está en inglés. En este reporte el autor de esta tesis armó el 
protocolo, llevó adelante la conducción y el reporte de la revisión. El protocolo fue 
revisado y validado por sus tutores. 

En el capítulo 4 se proponen los experimentos controlados para comprar el 
PSPVDC con el PSP. El capítulo 5 contiene las conclusiones y el trabajo a futuro. 

El anexo A presenta el RT de “Conceptos de Ingeniería de Software Empírica” y 
el anexo B presenta el artículo de “Pruebas Unitarias en Java: Diseño por Contra-
tos”. 

Debido a que dos capítulos de esta tesis son Reportes Técnicos publicados en 
inglés la tesis contiene 2 capítulos en inglés y el resto en español. 
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Capítulo 2.  

PSPVDC: An Adaptation of the PSP to Incorporate Ver-
ified Design by Contract 

 
Silvana Moreno, Álvaro Tasistro, Diego Vallespir, William Nichols 
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2.1 Introducción 

   
Software increases in size and complexity each year and plays a larger role in 

many aspects of our lives. Because the development of software is a creative and 
intellectual activity performed by human beings, it is normal for the development 
team to make mistakes, both because of the complexity of the software and be-
cause of human nature itself. These mistakes often end up as defects in software 
products and can cause severe damage when the software is executed. Research 
on developing defect-free software has led to the development of many processes 
and methods that aim to detect defects before the product is delivered to the users.  

The Personal Software Process (PSP) incorporates process discipline and quan-
titative management into the software engineer’s individual development work. It 
promotes the exercise of careful procedures during all stages of development with 
the aim of increasing the individual’s productivity and achieving high quality final 
products [Humphrey 2005, Humphrey 2006].  

The PSP course progressively teaches engineers planning, development, and 
process assessment practices as they build actual programs. Performance data 
from students in this course has been collected and statistically analyzed, and the 
results show that PSP substantially reduces the amount of defects per lines of code 
that survive until the Unit Testing phase [Hayes 1997] [Rombach 2007], indicating 
that employment of PSP significantly improves product quality. 

Still, removing defects at the Unit Testing phase costs five to seven times more 
than removing them in earlier phases of the PSP [Vallespir 2011, Vallespir 2012]. 
Because 38% of the injected defects are still present at Unit Testing, opportunities 
exist for improvement in the early detection of defects using TSP. 

Formal methods use the same methodological strategy as the PSP: emphasiz-
ing care in development procedures as opposed to relying on testing and debug-
ging. They also establish the radical requirement of proving mathematically that the 
programs produced satisfy their specifications. Design by Contract (DbC) is a tech-
nique devised and patented by Bertrand Meyer for designing components of a soft-
ware system by establishing their conditions of use and behavioral requirements in 
a formal language [Meyer 1992]. The formal languages that are used for DbC are 
seamlessly integrated into the programming language to allow specified conditions 
to be evaluated at runtime, with violations of these conditions managed with excep-
tion handling. When appropriate techniques and tools are incorporated to prove 
that the components satisfy the established requirements, the method is called Ver-
ified Design by Contract (VDbC).  

In this paper we propose a way to integrate VDbC into PSP to reduce the 
amount of defects present at the Unit Testing phase, while at the same time pre-
serving or improving productivity. The resulting adaptation of the PSP, called 
PSPVDC, incorporates new phases, modifies others, and adds new scripts and check-
lists to the infrastructure. Specifically, the phases of Formal Specification, Formal 
Specification Review, Formal Specification Compile, Test Case Construct, Pseudo 
Code, Pseudo Code Review, and Proof are added. At a later stage, controlled exper-
iments will be conducted for obtaining results about the improvements achieved by 
our adaptation. We expect that such experiments will motivate further adjustments 
to the process so that it eventually becomes practical enough to be employed in 
industry. 

 
We know of only three works in the literature that propose a combination of 

PSP and formal methods. Babar and Potter [Babar 2005] combine Abrial’s B Method 
with PSP into B-PSP. They add the phases of Specification, Auto Prover, Animation, 
and Proof. A new set of defect types is added and logs are modified so as to incor-
porate data extracted from the B machine’s structure. The goal of this work is to 
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provide the individual B developers with a paradigm of measurement and evalua-
tion that promotes reflection on the practice of the B method, inculcating the habit 
of recognizing causes of defects injected to help prevent them in the future. In 
comparison to B, our chosen formal method is significantly lighter and so, we ex-
pect, easier to incorporate into industrial practice.  

Suzumori, Kaiya, and Kaijiri proposed the combination of VDM and PSP 
[Suzumori 2003]. In their method, the Design phase is modified incorporating the 
formal specification in the VDM-SL language. New phases are also added: VDM-SL 
Review, Syntax Check, Type Check, and Validation. A prototype course requiring 
each student to carry out nine exercises applying VDM on the PSP was designed. 
After this work was concluded, the research was discontinued for reasons internal 
to the organization.3  

Contemporaneously to our work, Kusakabe, Omori, and Araki proposed com-
bining PSP and VDM with the goal of avoiding the injection of defects at the design 
phase [Kusakabe 2012]. They use automated tools (VDMTools) for syntax checking, 
type checking, interpretation, and generation of proof obligations. For evaluating 
the resulting process they had an engineer apply ordinary PSP to the course mate-
rials of PSP for Engineers I, then apply the combination of PSP and VDM to a few 
exercises in the course material of PSP for Engineers II. The experimental results 
show a successful reduction of the number of defects, without decreased productivi-
ty. However, they note that proficiency in the programming language and software 
development skills might affect the results. 

The rest of this paper describes the PSP and PSPVDC methods and is structured 
as follows: Section 2 provides a general description of PSP, while Section 3 gives a 
general description of formal methods—VDbC in particular. Section 4 presents the 
adaptation of PSP to incorporate VDbC. Finally, Section 5 describes conclusions and 
further work. 

 

2.2 Personal Software Process 

 
The PSP was proposed in 1995 by Watts Humphrey at the Software Engineering 

Institute (SEI). It is aimed at increasing the quality of the products manufactured 
by individual professionals by improving their personal methods of software devel-
opment. It takes into account diverse aspects of the software process, including 
planning, quality control, cost estimation, and productivity. 

The PSP is divided into phases, as shown in   Figure 1. A project begins 
with the requirements for a software module and ends when the software is re-
leased. The phases are: Planning, Design, Design Review, Code, Code Review, 
Compile, Unit Test, and Postmortem. 

                                                           
3
 As communicated by the authors via e-mail. 
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  Figure 1: Phases of the PSP 

 
In the PSP, all tasks and activities to be performed during software develop-

ment are defined in a set of documents called scripts. Scripts dictate the course of 
the work and are to be followed in a disciplined manner. They also facilitate the 
collection of data about the software process, including time spent at each phase, 
defects detected at each phase, time spent in detection and correction, the phase 
at which each defect is detected and removed, and the classification of defects into 
types. This data is collected into logs and used to evaluate the quality of the pro-
cess through the employment of indicators like defect density, review rate, and 
yield. All these measurements render a highly instrumented process, which is ideal 
for the realization of empirical studies [Wohlin 00]. The scripts used in PSP include 
the Process Script, Planning Script, Development Script, Design Review Script, 
Code Review Script, and Postmortem Script. Every script is composed of a purpose, 
a set of entry criteria, the activities to perform, and the expected outcomes (i.e., 
exit criteria).  

The Process Script, shown in     Table 1, contains a general 
program for the activities of Planning, Development, and Postmortem. The Devel-
opment activity, in turn, consists of the phases Design, Design Review, Code, Code 
Review, Compile, and Unit Testing. Therefore, the Process Script describes the 
whole process. 

 

 

    Table 1: Process Script 

Process Script 
Purpose To guide the development of module-level programs 

Entry Criteria - Problem description 

- PSP Project Plan Summary form 

- Size Estimating template 

- Historical size and time data (estimated and actual) 
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- Time and Defect Recording logs 

- Defect Type, Coding, and Size Counting standards  

- Stopwatch (optional) 
 

Step Activities Description 

1 Planning - Produce or obtain a requirements statement. 

- Use the PROBE method to estimate the added and modified 

size and the size prediction interval of this program. 

- Complete the Size Estimating template. 

- Use the PROBE method to estimate the required development 

time and the time prediction interval. 

- Complete a Task Planning template. 

- Complete a Schedule Planning template. 

- Enter the plan data in the Project Plan Summary form. 

- Complete the Time Recording log. 

2 Development - Design the program. 

- Document the design in the design templates. 

- Review the design and fix and log all defects found. 

- Implement the design. 

- Review the code and fix and log all defects found. 

- Compile the program and fix and log all defects found. 

- Test the program and fix and log all defects found. 

- Complete the Time Recording log. 

3 Postmortem Complete the Project Plan Summary form with actual time, defect, 

and size data. 
 

Exit Criteria - A thoroughly tested program 

- Completed Project Plan Summary form with estimated and 

actual data 

- Completed Size Estimating and Task and Schedule Planning 

templates  

- Completed Design templates 

- Completed Design Review and Code Review checklists 

- Completed Test Report template 

- Completed Process Improvement Proposal (PIP) forms 

- Completed Time and Defect Recording logs 
 

 
The Planning Script, shown in    Table 2, describes the Planning 

Phase. The goals of this phase are to arrive at a precise definition of the product to 
be constructed, estimate its size, and, on the basis of personal productivity, esti-
mate the time required for construction. As a method of estimation, PSP uses 
PROxy Based Estimation (PROBE) [Humphrey 05], which, by employing linear re-
gression on historical data, yields an estimated size in lines of code (LOCs) and es-
timated time in minutes. 

   Table 2: Planning Script 

Planning Script 
Purpose To guide the PSP planning process 

Entry Criteria - Problem description 

- PSP Project Plan Summary form 

- Size Estimating, Task Planning, and Schedule Planning tem-

plates 

- Historical size and time data (estimated and actual) 

- Time Recording log 
 

Step Activities Description 

1 Program 

Requirements 

- Produce or obtain a requirements statement for the program. 

 

- Ensure that the requirements statement is clear and unambigu- 
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ous. 

- Resolve any questions. 

2 Size 

Estimate 

- Produce a program conceptual design. 

- Use the PROBE method to estimate the added and modified size 

of this program. 

- Complete the Size Estimating template and Project Plan Sum-

mary form. 

- Calculate the 70% size prediction interval.  (Note: This step is 

completed in the SEI student workbook.) 

3 Resource 

Estimate 

- Use the PROBE method to estimate the time required to develop 

this program. 

- Calculate the 70% size prediction interval.  (Note: This step is 

completed in the SEI student workbook) 

- Using the “to-date %” from the most recently developed pro-

gram as a guide, distribute the development time over the 

planned project phases. (Note: This step is completed in the SEI 

student workbook.) 

4 Task and 

Schedule Plan-

ning 

For projects lasting several days or more, complete the Task Plan-

ning and Schedule Planning templates. 

5 Defect 

Estimate 

- Based on your to-date data on defects per added and modified 

size unit, estimate the total defects to be found in this program. 

- Based on your “to-date %” data, estimate the number of defects 

to be injected and removed by phase. 
 

Exit Criteria - Documented requirements statement 

- Program conceptual design 

- Completed Size Estimating template 

- For projects lasting several days or more, completed Task and 

Schedule Planning templates 

- Completed Project Plan Summary form with estimated program 

size, development time, and defect data, and the time and size 

prediction intervals 

- Completed Time Recording log 

 
The Development Script, shown in    Table 3, describes the activ-

ities to be carried out at the phases of Design, Design Review, Coding, Code Re-
view, Compilation, and Unit Test.  

The Design phase consists of designing the program in a complete and unam-
biguous manner. PSP makes use of four templates to provide documentation of the 
design in four dimensions: static, dynamic, internal, and external. In particular, the 
operational specification template describes the interaction between user and sys-
tem (i.e., the dynamic-external view). The functional specification template allows 
the definition of the structural features to be provided by the software product, 
among them classes and inheritance, externally visible attributes, and relations to 
other classes or parts (i.e., the dynamic-external and static-external views). The 
state specification template describes the set of states of the program, the transi-
tions between states, and the actions to be taken at each transition (i.e., the dy-
namic-internal view). Finally, the logic template specifies the internal logic of the 
program (i.e., the static-internal view) in a concise and convenient way. Pseudo 
code is appropriate for this task. 

Once the design is completed, PSP proceeds to the Design Review phase, de-
scribed in the Design Review Script in    Table 4. Reviews allow you 
to find defects prior to the first compilation or test. The Design Review phase in-
cludes the following checks, among others: that all requirements are taken into 
account, that the flow and structure of the program are adequate, and that meth-
ods and variables are used correctly. 
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During the Code phase the program is constructed, employing a programming 
language and a coding standard.  

After this phase, a review of the code is carried out, making use of the Code 
Review Script shown in    Table 5. Code review is a very effective 
and inexpensive method for finding defects [Hayes 1997, Vallespir 2012]. Both de-
sign and code reviews are carried out with the use of checklists, which are created 
and maintained by each individual engineer taking into account the defects that 
he/she usually introduces. 

After Code Review is the Compile phase, which is the translation of the source 
program into machine language using a compiler. The phase involves correcting 
defects detected by the compiler. 

The Unit Test phase consists of the execution of the test cases specified during 
the Design phase. The defects detected at Unit Test allow the quality of the product 
to be assessed. In PSP, a program is considered to be of adequate quality if it con-
tains 5 or fewer defects per KLOC at Unit Test. 

   Table 3: Development Script 

Development Script 
Purpose To guide the development of small programs 

Entry Criteria - Requirements statement 

- Project Plan Summary form with estimated program size and 

development time 

- For projects lasting several days or more, completed Task Plan-

ning and Schedule Planning templates 

- Time and Defect Recording logs 

- Defect Type standard and Coding standard 
 

Step Activities Description 

1 Design - Review the requirements and produce an external specification 

to meet them. 

- Complete Functional and Operational Specification templates to 

record this specification. 

- Produce a design to meet this specification. 

- Record the design in Functional, Operational, State, and Logic 

Specification templates. 

- Record in the Defect Recording log any requirements defects 

found. 

- Record time in the Time Recording log. 

2 Design 

Review 

- Follow the Design Review script and checklist and review the 

design. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

3 Code - Implement the design following the Coding standard. 

- Record in the Defect Recording log any requirements or design 

defects found. 

- Record time in the Time Recording log. 

4 Code 

Review 

- Follow the Code Review script and checklist and review the 

code. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

5 Compile - Compile the program until there are no compile errors. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

6 Test - Test until all tests run without error. 

- Fix all defects found. 
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- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

- Complete a Test Report template on the tests conducted and the 

results obtained. 
 

Exit Criteria - A thoroughly tested program that conforms to the Coding stand-

ard 

- Completed Design templates 

- Completed Design Review and Code Review checklists 

- Completed Test Report template 

- Completed Time and Defect Recording logs 
 

 

   Table 4: Design Review Script 

                                Design Review Script 

Purpose To guide you in reviewing detailed designs 

Entry Criteria - Completed program design documented with the PSP Design 

templates 

- Design Review checklist 

- Design standard 

- Defect Type standard 

- Time and Defect Recording logs 

General Where the design was previously verified, check that the analyses:  

- covered all of the design 

- were updated for all design changes 

- are correct 

- are clear and complete 
 

Step Activities Description 

1 Preparation - Examine the program and checklist and decide on a review 

strategy. 

- Examine the program to identify its state machines, internal 

loops, and variable and system limits. 

- Use a trace table or other analytical method to verify the cor-

rectness of the design. 

2 Review - Follow the Design Review checklist. 

- Review the entire program for each checklist category; do not 

try to review for more than one category at a time! 

- Check off each item as you complete it. 

- Complete a separate checklist for each product or product seg-

ment reviewed. 

3 Fix Check - Check each defect fix for correctness. 

- Re-review all changes. 

- Record any fix defects as new defects and, where you know the 

defective defect number, enter it in the fix defect space. 
 

Exit Criteria - A fully reviewed detailed design 

- One or more Design Review checklists for every design re-

viewed 

- Documented design analysis results 

- All identified defects fixed and all fixes checked 

- Completed Time and Defect Recording logs 

 

   Table 5: Code Review Script 

                           Code Review Script 

Purpose To guide you in reviewing programs 

Entry Criteria - A completed and reviewed program design 
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- Source program listing 

- Code Review checklist 

- Coding standard 

- Defect Type standard 

- Time and Defect Recording logs 

General Do the code review with a source-code listing; do not review on 

the screen! 
 

Step Activities Description 

1 Review - Follow the Code Review checklist. 

- Review the entire program for each checklist category; do not 

try to review for more than one category at a time! 

- Check off each item as it is completed. 

- For multiple procedures or programs, complete a separate 

checklist for each. 

2 Correct - Correct all defects. 

- If the correction cannot be completed, abort the review and 

return to the prior process phase. 

- To facilitate defect analysis, record all of the data specified in 

the Defect Recording log instructions for every defect. 

3 Check - Check each defect fix for correctness. 

- Re-review all design changes. 

- Record any fix defects as new defects and, where you know the 

number of the defect with the incorrect fix, enter it in the fix de-

fect space. 
 

Exit Criteria - A fully reviewed source program 

- One or more Code Review checklists for every program re-

viewed 

- All identified defects fixed 

- Completed Time and Defect Recording logs 

 

Finally, the Postmortem Script, shown in    Table 6, describes 
the activities of the Postmortem phase, which includes an assessment of both pro-
cess and product and an analysis of the injected defects, noting the phases at 
which they were removed. Analyzing the process and understanding where and why 
mistakes are committed allows developers to improve their own processes and out-
puts. 

 

   Table 6: Postmortem Script 

                   Postmortem Script 

 
Purpose To guide the PSP postmortem process 

Entry Criteria - Problem description and requirements statement 

- Project Plan Summary form with program size, development 

time, and defect data 

- For projects lasting several days or more, completed Task Plan-

ning and Schedule Planning templates 

- Completed Test Report template 

- Completed Design templates 

- Completed Design Review and Code Review checklists 

- Completed Time and Defect Recording logs 

- A tested and running program that conforms to the coding and 

size counting standards 
 

Step Activities Description 
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1 Defect Recording - Review the Project Plan Summary to verify that all of the defects 

found in each phase were recorded. 

- Using your best recollection, record any omitted defects. 

2 Defect Data Con-

sistency 

- Check that the data on every defect in the Defect Recording log is 

accurate and complete. 

- Verify that the numbers of defects injected and removed per 

phase are reasonable and correct. 

- Determine the process yield and verify that the value is reasona-

ble and correct. 

- Using your best recollection, correct any missing or incorrect 

defect data. 

3 Size - Count the size of the completed program. 

- Determine the size of the base, deleted, modified, base additions, 

reused, new reusable code, and added parts. 

- Enter these data in the Size Estimating template. 

- Determine the total program size. 

- Enter this data in the Project Plan Summary form. 

4 Time - Review the completed Time Recording log for errors or omis-

sions. 

- Using your best recollection, correct any missing or incomplete 

time data. 
 

Exit Criteria - A thoroughly tested program that conforms to the coding and size 

counting standards 

- Completed Design templates 

- Completed Design Review and Code Review checklists 

- Completed Test Report template 

- Completed Project Plan Summary form 

- Completed PIP forms describing process problems, improvement 

suggestions, and lessons learned 

- Completed Time and Defect Recording logs 

 

2.3 Formal Methods 

 
Formal methods hold fast to the tenet that programs should be proven to satis-

fy their specifications. Proof is the mathematical activity of arriving at knowledge 
deductively, starting with postulated, supposed, or self-evident principles and per-
forming successive inferences, each of which extracts a conclusion out of previously 
arrived-at premises. 

In applying this practice to programming, the first principle is the semantics of 
programs. Semantics allows us to understand program code and know what each 
part of the program actually computes. This makes it possible, in principle, to de-
ductively ascertain that the computations carried out by the program satisfy certain 
properties. Among these properties are input-output relationships or patterns of 
behavior that constitute a precise formulation of the functional specification of the 
program or system at hand. 

Formal logic, at least in its contemporary mathematical variety, strives to for-
mulate artificial languages that frame the mathematical activity. According to this 
aim, there should be a language for expressing every conceivable mathematical 
proposition and also a language for expressing proofs, so that a proposition is prov-
able in this language if and only if it is actually true. This latter desirable property 
of the language is called its correctness. This kind of research began in 1879 with  
Frege for the purpose of making it undisputable whether a proposition was correctly 
proven or not [Frege 1967]. Indeed, the whole point of devising artificial languages 
was to make it possible to automatically check whether a proposition or a proof was  
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correctly written in the language. The proofs were to be accepted on purely syntac-
tic (i.e., formal) grounds and, given the “good” property of correctness of the lan-
guage, that was enough to ensure the truth of the asserted propositions.  

Frege’s own language turned out to be not correct and shortly after its failure 
the whole enterprise of formal logic took a different direction, shifting toward the 
study of artificial languages as mathematical objects in order to prove their correct-
ness by elementary means. This new course was also destined to failure. 

The overall outcome is nevertheless very convenient from an engineering view-
point. Using the technology we now have available, we can go back to Frege’s pro-
grams and develop formal proofs semi-automatically. The proof systems (or lan-
guages) are still reliable, although they are not complete (i.e., not every true prop-
osition will be provable). But this is no harm in practice and the systems are per-
fectly expressive from an engineering perspective. All these advances allow us to 
define formal methods in software engineering as a discipline based on the use of 
formal languages and related tools for expressing specifications and carrying out 
proofs of correctness of programs. 

Note that the semi-automatic process of program correctness proof is a kind of 
static checking. We can think of it as an extension of compilation, which not only 
checks syntax but also properties of functional behavior. Therefore it is convenient 
to employ the general idea of a semi-automatic verifying compiler to characterize 
the functionality of the tools employed within a formal methods framework. 

Design by Contract (DbC) is a methodology for designing software based on the 
idea that specifications of software components arise, like business contracts, from 
agreements between a user and a supplier, who establish the terms of use and per-
formance of the components. That is to say, specifications oblige (and enable) both 
the user and the supplier to certain conditions of use and a corresponding behavior 
of the component in question.  

In particular, DbC has been proposed in the framework of object-oriented de-
sign (and specifically in the language Eiffel) and therefore the software components 
to be considered are usually classes. The corresponding specifications are pre- and 
post-conditions to methods, establishing respectively their terms of use and corre-
sponding outcomes, as well as invariants of the class (i.e., conditions to be verified 
by every visible state of an instance of the class). In the original DbC proposal, all 
the specifications were written in Eiffel and are computable (i.e., they are checkable 
at runtime).  

Therefore, DbC in Eiffel provides at least the following: 

· a notation for expressing the design that seamlessly integrates with a pro-
gramming language, making it easy to learn and use 

· formal specifications, expressed as assertions in Floyd-Hoare style [Hoare 
1969] 

· specifications checkable at runtime and whose violations may be handled by 
a system of exceptions 

· automatic software documentation 

 
However, DbC is not by itself an example of a formal method, as defined 

above. When we additionally enforce proving that the software components fit their 
specifications, we are using Verified Design by Contract (VDbC). This can be carried 
out within several environments, all of which share the characteristics mentioned 
above, including the following: 

· Java Modeling Language (JML) implements DbC in Java. VDbC can then be 
carried out using tools like Extended Static Checking (ESC/Java) [Cok 2005] 
or TACO [Galeotti 2010]. 
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· Perfect Developer [Crocker 2003] is a specification and modeling language 
and tool which, together with the Escher C Verifier allow performing VDbC 
for C and C++ programs. 

· Spec# [Barnett 2004] allows VDbC within the C# framework. 

· Modern Eiffel [Eiffel 2012] within the Eiffel framework. 
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2.4 Adaptation 

 
In this section we describe the PSPVDC, which introduces new phases as well as 

modifying others already present in the ordinary PSP. In each case we describe in 
detail the corresponding activities and show the new scripts.   Figure 2 
shows the PSPVDC. We assume the engineer will be using an environment similar to 
those listed at the end of the previous section, meaning that a computerized tool 
(akin to a verifying compiler) is used for 

· checking the syntax of formal assertions. These are written in the language 
employed in the environment (e.g., as Java Boolean expressions, if JML is 
used) which we call the carrier language. 

· computing proof obligations (i.e., given code with assertions, to establish 
the list of conditions that need to be proven in order to ascertain the cor-
rectness of the program) 

· developing proofs in a semi-automatic way 

 
The elements of   Figure 2 described below summarize the most relevant 

novelties of PSPVDC. 

· After the Design Review phase, a new phase of Test Case Construct is add-
ed. This phase is used to determine the set of test cases to use in the vali-
dation of the program. 

· After the Test Case Construct phase, a new phase called Formal Specifica-
tion is added. In this phase the design is formalized, in the sense that class 
invariants and pre- and post-conditions to methods are made explicit and 
formal (in the carrier language).  

· The Formal Specification Review is used to detect defects injected in the 
formal specification produced in the previous phase. A review script is used 
for this activity. 

· The Formal Specification Compile phase consists of automatically checking 
the formal syntax of the specification. 

· The Pseudo Code phase consists of writing down the pseudo code of every 
method. 

· The Pseudo Code Review phase consists of precisely reviewing the pseudo 
code produced in the former phase. 

· The Proof phase comes after production, review, and compilation of the 
code. The general idea is to supplement the design with formal specifications 
of the components and the code with a formal proof to show that it matches 
the formal specifications. This proof is to be carried out with the help of a 
tool akin to a verifying tool, in the sense that it is employed to statically 
check the logical correctness of the code besides its syntactic well-
formedness. 
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  Figure 2: Phases of the PSPVDC 

 
In the following subsections we present in detail all the phases of the PSPVDC, 

indicating in each case the activities to be performed and the modifications intro-
duced in the scripts with respect to the original PSP.  

Planning 
 
The activities of the Planning phase in PSPVDC are the same as in ordinary PSP: 

Program Requirements, Size Estimate, Resource Estimate, Task and Schedule Plan-
ning, and Defect Estimate. 

Program Requirements is for ensuring a precise understanding of every re-
quirement. This activity is the same as in the ordinary PSP. 

Size Estimate involves carrying out a conceptual design (i.e., producing a mod-
ule (class) structure). Each class is refined into a list of methods and the relative 
size of the methods of each class is estimated. This is done in the same way as in 
ordinary PSP: using proxies to create a categorization of the method according to 
its size and the functional type of the corresponding class. Categories of size of 
methods include very small, small, medium, large, or very large; functional kinds of 
classes include Calc, Logic, IO, Set-Up, and Text. Thus, using the structure of clas- 
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ses, the number of methods (and the size) in each class and the category of the 
class, we arrive at an estimation of the LOCs of the program.  

PSP uses LOCs for estimating the size of the program and deriving from that an 
estimation of the effort required for its construction. It has been established that 
under certain conditions the effort is proportional to the LOCs of the program 
[Humphrey 05]. PSPVDC requires engineers to formally write down the pre- and 
post-conditions of each method and the invariant of each class, which is a kind of 
output akin to LOCs and could change the total cost of development. Nevertheless, 
we also continue measuring the size of the product in LOCs and postulate that the 
relationship between effort and size in LOCs will keep valid. It will depend on the 
outcome of empirical studies whether we should adjust this premise and consider 
also Lines of Formal Specification (LOFs) for effort estimation. Note that, for esti-
mating LOFs, it will be necessary to specify what exactly a LOF is, which will give a 
criterion for counting them. It will also be necessary to use a proxy for LOF estima-
tion. The development of the corresponding techniques is out of the scope of the 
present work. Because of these considerations, the activity of size estimate remains 
unchanged in PSPVDC. 

Resource Estimate estimates the amount of time needed to develop the pro-
gram. For this, the PROBE method is used, which employs historical records and 
linear regression for producing the new estimation and for measuring and improv-
ing the precision of the estimations. In our adaptation, the activity remains concep-
tually the same, but will employ records associated to the new phases incorporated 
into PSPVDC. Therefore, once sufficient time data has been gathered, we will be able 
to estimate the effort (measured in minutes) required for the formal specification 
and for the program proof.  

Task and Schedule Planning is for long-term projects. These are subdivided into 
tasks and the time is estimated for each task. This is unchanged in PSPVDC. 

Defect Estimate Base is for estimating the number of defects injected and re-
moved at each phase. Historical records and the estimated size of the program are 
utilized for performing this estimation. In PSPVDC new records are needed to esti-
mate the defects removed and injected at each new phase. 

Finally, the Planning Script in PSPVDC is the same as in PSP, given that the cor-
responding activities are unchanged. 

Design  
 
During Design, the data structures of the program are defined, as well as its 

classes and methods, interfaces, components, and the interactions among all of 
them. In PSP, elaboration of the pseudo code is also included. In PSPVDC the elabo-
ration of the pseudo code is postponed until the formal specification is available for 
each method. Therefore, we eliminate from the Design phase the use of the Logic 
Template, which corresponds to the pseudo code. The Logic Template ceases to be 
a member of the set of templates of the Design Template, given that in PSPVDC it is 
not a design template anymore. 

Normally, although not specified in PSP, the Design phase also includes the de-
sign of the test cases. In PSPVDC  we propose a test case design in a phase separate 
from the Design phase because we are interested in getting information about the 
time employed specifically in the construction of test cases. As explained below, 
such knowledge will be useful in comparing the cost of using formal methods versus 
that of testing and debugging. 

Formal specification of methods and of invariants of classes could be carried 
out within the Design phase. This, however, does not allow us to keep records of 
the time employed specifically in Design as well as in Formal Specification. Instead, 
we would just record a likely significant increase in Design time. Therefore we pre-
fer to separate the phase of Formal Specification. 
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The changes to process scripts appear in red text; deletions are marked with 
strikethrough. In sum, the activity of Design within the Development Script is modi-
fied to 

Step Activities Description 

1 Design - Review the requirements and produce an external specification to 

meet them. 

- Complete Functional and Operational Specification templates to 

record this specification. 

- Produce a design to meet this specification. 

- Record the design in Functional, Operational, and State, and 

Logic Specification templates. 

- Record in the Defect Recording log any requirements defects 

found. 

- Record time in the Time Recording log. 

Design Review 
 
This is the same as in ordinary PSP and uses its Development Script.  

Test Case Construct 
 
We want to investigate the cost effectiveness of test case construction and unit 

testing when formal methods are used. That is, is it practical to eliminate the Unit 
Test phase when using these formal methods? To answer this, we need to know 

· The cost of test case construction 

· The cost of unit test execution 

· The defect density entering into unit test 

· The yield of the unit test phase 

 
This will also allow us to assess the economic and quality benefits of imple-

menting VDbC using PSP. The Test Case Construct activity is incorporated into the 
Development Script as detailed below: 

 

Step Activities Description 

3 Test Case Construct - Design test cases and record them in the Test Report. 

- Record time in the Time Recording log. 

 

Formal Specification 
 
This phase must be performed after Design Review. The reason for this is that 

reviews are very effective in detecting defects injected during design and we want 
to discover them as early as possible.  

In this phase we start to use the computerized environment supporting VDbC. 
Two activities are carried out in this phase: Construction and Specification. Con-
struction consists of preparing the computerized environment and defining within it 
each class with its method headers. If this is instead be done during Design as part 
of the functional template, omit it here. The choice is a personal one.  
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The second activity is Specification, in which we write down in the carrier lan-
guage the pre- and post-conditions of each method as well as the class invariant. 
Note that, within the present approach, the use of formal methods begins once the 
design has been completed. It consists of the formal specification of the produced 
design and the formal proof that the final code is correct with respect to this speci-
fication. 

Formal Specification is incorporated into the Development Script. A standard 
template for the specification is used in this activity.   Table 7 presents an 
example for the language JML. 

 

  Table 7: Formal Specification Standard Template 

Step Activities Description 

4 Formal Speci-

fication 

- Implement the design following the Formal Specification standard. 

- Record in the Defect Recording log any requirements or design defects 

found. 

- Record time in the Time Recording log. 

 

Purpose To guide the formal specification of programs 

 

Program Headers Begin all programs with a descriptive header. The header should use 

the Java documentation commenting convention ("/**") so automated doc-

umentation generation is possible. Include in the descriptive header the name 

of the author who writes the formal specification and a version number . 

Header Format /** 

 * @formal specification author     Philip Johnson 

 * @formal specification version    Tue Dec 26 2011 

 */ 

Identifiers Use descriptive names for all variables, constants, and other identifi-

ers.  Avoid abbreviations or single letter variables.   

Identifier Example //@ public constraint age >= \old(age); //this is good 

//@ public constraint i >= \old(i); //this is bad 

Comments Document the code so that the reader can understand its operation.   

Comments should explain both the purpose and behavior of the code. 

Comment variable declarations to indicate their purpose. 

Good Comment /*@ requires array != null; 

  @ ensures (* return the sum of the array elements *)  

  @     && \result == (\sum int I; 0 <= I && I < array.length; ar-

ray[I]); 

  @ ensures (* without modifying the array *)  

  @     && (\forall int I; 0 <= I && I < array.length; 

  @         array[I] == \old(array[I])); 

  @*/ 
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Bad Comment This comment is wrong: 

/*@  

 @ ( * comment * ) assertion 

 @*/ 

 

This comment is OK: 

/*@  

 @ ( * comment * ) && assertion 

 @*/ 

Comments are treated as assertions; therefore, they should be con-

nected to other assertions by means of &&. 

 

Indenting Indent every level of brace from the previous one. 

Indenting  

Example 

/*@ public normal_behavior  

  @    requires divisor > 0; 

  @    ensures divisor*\result <= dividend 

  @        && divisor*(\result+1) > dividend; 

  @ 

  @ also  

  @ public normal_behavior  

  @    requires divisor == 0; 

  @    ensures \result == 0; 

  @*/ 

Capitalization · Always use lower case in variable declarations. 

· Use upper case for types and clases. 

· Use upper case in invocations of a method so declared or of a JML 

library.  

Capitalization Exam-

ple 

/*@ public model String name; 

@ public represents name <- getName(); 

@ 

@ public invariant !"".equals(name); 

 */ 

Formal Specification Review 
 
Using a formal language for specifying conditions is not a trivial task, and both 

syntactic and semantic defects can be injected. To avoid the propagation of these 
errors to further stages and the resulting increase in the cost of correction, we pro-
pose a phase called Formal Specification Review. 

The script that corresponds to this phase contains these activities: Review, Cor-
rection, and Checking. The Review activity consists of inspecting the sentences of 
the specification using a checklist. In the Correction activity, all defects detected 
during Review are removed. Finally, Checking consists of looking over the correc-
tions to verify their adequacy. 

The Formal Specification Review activity is incorporated into the Development 
Script; the Formal Specification Review Script and Formal Specification Review 
Checklist are proposed for use in this activity. 

 

  Table 8: Specification Review Script 

Step Activities Description 
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5 Formal  

Specification 

Review 

- Follow the Formal Specification Review script and checklist and review 

the specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

 
Purpose To guide you in reviewing detailed designs 

Entry Criteria Specification Review checklist 

Defect Type standard 

Time and Defect Recording logs 

General Where the Specification was previously verified, check that the analyses 

covered all of the Specification, were updated for all Specification chang-

es, and are clear and complete. 
 

Step Activities Description 

1 Preparation Examine the specification and checklist and decide on a review strategy. 

2 Review Follow the Specification Review checklist. 

Review the entire specification for each checklist category; do not try to 

review for more than one category at a time! 

Check off each item as you complete it. 

Complete a separate checklist for each product or product segment re-

viewed. 

3 Fix Check Check each defect fix for correctness. 

Re-review all changes. 

Record any fix defects as new defects and, where you know the defective 

defect number, enter it in the fix defect space. 

 

Exit Criteria A fully reviewed detailed Specification 

One or more Specification Review checklists for every specification re-

viewed 

Documented Specification analysis results 

All identified defects fixed and all fixes checked 

Completed Time and Defect Recording logs 

 

 

  Table 9: Formal Specification Review Checklist Template 

 

Student  Date  

Program  Program #  

Instructor  Language  

Formal Specifica-

tion Language 

   

 

Purpose To guide you in conducting an effective specification review 

General Review the entire specification for each checklist category; do not attempt to 

review for more than one category at a time! 

As you complete each review step, check off that item in the box at the right. 

Complete the checklist for one specification or specification unit before review-

ing the next.  

General To verify that the formal specification adequately complements the design 

 
Assertions Assertions are prefixed by //@ or appear between /*@ … @*/ 

Every assert clause must end in ;. 

Verify that the variable associated to each clause \forall, \sum, 

\exists, etc. is appropriately initialized. 
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In each clause \forall, \sum, \exists, etc. verify balance of parenthe-

ses in IF, ELSE, FOR, WHILE. 

In each clause \forall, \sum, \exists, etc. verify that the appropriate 

segment of the array is traversed. 

Verify that every method invoked within an assertion is declared as 

/*@ pure @*/. 

Preconditions Method preconditions are declared by means of the requires clause. 

Postconditions Method postconditions are declared by means of the ensures clause. 

Class Invariants 

 

Class invariants are declared by means of the invariant clause. 

Formal Specification Compile  
 
Any computerized tool supporting VDbC will be able to compile the formal spec-

ification. Since this allows an early detection of errors, we consider it valuable to 
explicitly introduce this phase into PSPVDC. In particular, it is worthwhile to detect all 
possible errors in the formal specifications before any coding is carried out. A fur-
ther reason to isolate the compilation of the formal specification is to allow the time 
spent in this specific activity to be recorded. 

The activity Formal Specification Compile is added to the Development Script. 
 

Step Activities Description 

6 Formal Specification 

Compile 

- Compile the formal specification until there are no compile errors. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

Pseudo Code  
 
The Pseudo Code phase allows us to understand and structure the solution to 

the specified problem just before coding. The pseudo code of each class method 
defined in the Logic Template is written down. 

We propose that the pseudo code be produced after the compilation of the 
specification in order for the specification to serve as a well understood starting 
point for design elaboration in pseudocode. Writing down the pseudo code just be-
fore coding allows us to follow a well-defined process in which the output of each 
stage is taken as input to the next one. 

The activity Pseudo Code is incorporated into the Development Script. 
 

Step Activities Description 

7 Pseudo Code - Produce a Pseudo Code to meet the design. 

- Record the Design Logic Specification templates. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

Pseudo Code Review 
 
A check list is used for guiding the activity in this phase. The activity Pseudo 

Code Review is added to the Development Script. The Pseudo Code Review script is 
proposed for use in this activity. 

 
Step Activities Description 

8 Pseudo Code Review - Follow the Pseudo Code Review script and checklist and 

review the specification. 
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- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

Code, Code Review, and Code Compile 
 
Just as in ordinary PSP, these phases consist of translating the design into a 

specific programming language, revising the code, and compiling it. The descrip-
tions of these activities in the PSPVDC Development Script are the same as in the 
PSP Development Script.   

Proof  
 
This phase is added in PSPVDC to provide evidence of the correctness of the 

code with respect to the formal specification (i.e., its formal proof). A computerized 
verifying tool is used which derives proof obligations and helps to carry out the 
proofs themselves. 

 
The description of the activity Proof within the Development Script is as follows. 
 

12 Proof - Construct a formal proof of correctness of the code with 

respect to the formal specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

Unit Test 
 
This phase is the same as in ordinary PSP. We consider it relevant for detecting 

mismatches with respect to the original, informal requirements of the program. 
These defects can arise at several points during the development, particularly as 
conceptual or semantic errors of the formal specifications. The test cases to be exe-
cuted must therefore be designed right after the requirements are established (i.e., 
during the phase Test Case Construct) as already indicated. 

The description of this activity in the PSPVDC Development Script is the same as 
in the PSP Development Script. 

Post-Mortem 
 
This is the same as in ordinary PSP and its description in the PSPVDC Develop-

ment Script is the same as in the PSP Development Script. 
However, several modifications have to be made to the infrastructure support-

ing the new process. For instance, all new phases must be included in the support 
tool to keep track of the time spent at each phase, as well as to record defects in-
jected, detected, and removed at each phase. Our intention in this paper is to pre-
sent the changes in the process in order to incorporate VDbC. The adaptation of the 
supporting tools, scripts, and training courses is a matter for a separate work. 

We have now completed the description of the modifications made to each 
phase of the PSP to turn it into PSPVDC. In   Table 10 we present the 
PSPVDC Process Script. This contains some modifications due to the changes made 
to the Development Script. In Table 11 we present the complete PSPVDC Develop-
ment Script. In the Appendix, all scripts and templates of PSPVDC are shown. 
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  Table 10: The Process Script 

Purpose To guide the development of module-level programs 

Entry Criteria - Problem description 

- PSP Project Plan Summary form 

- Size Estimating template 

- Historical size and time data (estimated and actual) 

- Time and Defect Recording logs 

- Defect Type, Coding, and Size Counting standards  

- Stopwatch (optional) 
 

Step Activities Description 

1 Planning - Produce or obtain a requirements statement. 

- Use the PROBE method to estimate the added and modified 

size and the size prediction interval of this program. 

- Complete the Size Estimating template. 

- Use the PROBE method to estimate the required development 

time and the time prediction interval. 

- Complete a Task Planning template. 

- Complete a Schedule Planning template. 

- Enter the plan data in the Project Plan Summary form. 

- Complete the Time Recording log. 

2 Development - Design the program. 

- Document the design in the design templates. 

- Review the design, and fix and log all defects found. 

- Design the test cases. 

- Formally specify all methods of the classes introduced in design. 

- Review formal specification and fix and log all defects found. 

- Compile formal specification and fix and log all defects found.  

- Write down pseudo code using the Logic Template. 

- Review pseudo code and fix and log all defects found. 

- Implement the design. 

- Review the code and fix and log all defects found. 

- Compile the program and fix and log all defects found. 

- Construct formal proof of correctness of code with respect to 

its formal specification. 

- Test the program and fix and log all defects found. 

- Complete the Time Recording log. 

3 Postmortem Complete the Project Plan Summary form with actual time, de-

fect, and size data. 
 

Exit Criteria - A thoroughly tested program 

- Completed Project Plan Summary form with estimated and 

actual data 

- Completed Size Estimating and Task and Schedule Planning 

templates  

- Completed Design templates and Formal Specification Tem-

plates 

- Project or other processing unit containing formal proof of 

code correctness. (This depends on the concrete computerized 

tool employed.) 

- Completed Design Review, Formal Specification Review, 

Pseudo Code Review and Code Review checklists 

- Completed Test Report template 

- Completed PIP forms 

- Completed Time and Defect Recording logs 

 

Table 11: Development Script 

Purpose To guide the development of small programs 
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Entry Criteria - Requirements statement 

- Project Plan Summary form with estimated program size and 

development time 

- For projects lasting several days or more, completed Task 

Planning and Schedule Planning templates 

- Time and Defect Recording logs 

- Defect Type standard and Coding standard 
 

Step Activities Description 

1 Design - Review the requirements and produce an external specifica-

tion to meet them. 

- Complete Functional and Operational Specification templates 

to record this specification. 

- Produce a design to meet this specification. 

- Record the design in Functional, Operational, State, and Logic 

Specification templates. 

- Record in the Defect Recording log any requirements defects 

found. 

- Record time in the Time Recording log. 

2 Design 

Review 

- Follow the Design Review script and checklist and review the 

design. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

3 Test Case 

Construct 

- Design test cases and record them in the Test Report. 

- Record time in the Time Recording log. 

4 Formal Specifica-

tion 

- Implement the design following the Formal Specification 

standard. 

- Record in the Defect Recording log any requirements or de-

sign defects found. 

- Record time in the Time Recording log. 

5 Formal Specifica-

tion Review 

- Follow the Formal Specification Review script and checklist 

and review the specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

6 Formal Specifica-

tion Compile 

- Compile the formal specification until there are no compile 

errors. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

7 Pseudo Code - Produce a Pseudo Code to meet the design. 

- Record the Design Logic Specification templates. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

8 Pseudo Code Re-

view 

- Follow the Pseudo Code Review script and checklist and re-

view the specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

9 Code - Implement the design following the Coding standard. 

- Record in the Defect Recording log any requirements or de-

sign defects found. 

- Record time in the Time Recording log. 

10 Code 

Review 

- Follow the Code Review script and checklist and review the 

code. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

11 Compile - Compile the program until there are no compile errors. 
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- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

12 Proof - Construct formal proof of correctness of the code with respect 

to its formal specification. 

-  Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

13 Test - Test until all tests run without error. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

- Complete a Test Report template on the tests conducted and 

the results obtained. 
 

Exit Criteria - A thoroughly tested program that conforms to the Coding 

standard 

- A formal specification conforming to the Formal Specification 

standard 

- Completed Design and Formal Specification templates 

- Completed Design Review, Pseudo Code Review, Formal 

Specification Review, and Code Review checklists 

- Completed Test Report template 

- Completed Time and Defect Recording logs 
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2.5 Quality Planning 
 
Quality planning in PSP includes the following: 

· estimating the total number of defects injected and removed 

· estimating the number of defects injected and removed at each phase 

· estimating the time required at each phase 

 
In this section we present the modifications to Quality Planning introduced in 

PSPVDC. 
For estimating the total number of defects injected, PSP uses the estimation of 

the size of the program as well as historical data about the amount of defects in-
jected per KLOC. For estimating the number of defects injected and removed at 
each phase, PSP performs a distribution of the total estimate, making use of histor-
ical data.  

In PSPVDC the new phases must be taken into account in order to perform the 
corresponding estimations of the number of defects and of the time required. Ini-
tially, the corresponding historical data mentioned above is not available. There-
fore, the initial estimation must be done by applying expert judgment. After per-
forming several studies, accumulated data is available for employment in the de-
sired estimations. 

In PSP some benchmarks are known that also can be used for estimating the 
number of defects removed. In particular, from the PSP data the following rates of 
defect removal are known, which usually indicate good use of the process: 

· 3 to 5 defects per hour in design review 

· 5 to 10 defects per hour in code review 

 
Eventually PSPVDC use will produce useful benchmarks for the Formal Specifica-

tion Review and Pseudo Code Review phases. 
In PSP the Process Quality Indicator (PQI) suggests the following values for 

code and design reviews: 

· the time employed in design review is not less than 50% of the time em-
ployed in design 

· the time employed in the code review is not less than 50% of the time em-
ployed in coding 

 
We are interested in obtaining, by empirical means, a relationship between the 

time required by the formal specification and that required by its review. Similar 
information is desired for the pseudo code. 
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2.6 Quality Measures 
 
Product quality is an essential issue in PSP. Developers must remove defects, 

determine the causes of their injection, and learn to prevent them from occurring. 
PSP proposes reviews as a recommended method for defect removal because it is 
even more effective than testing. [Hayes1997, Vallespir 11, Vallespir 12]. To per-
form efficient reviews it is necessary to make measurements [Gilb 1993].  

PSP defines several measurements of process quality and control, including the 
following: 

· yield  

· defect removal efficiency 

· defect removal leverage 

· cost of quality (COQ) 
 
The yield of a phase is defined as the percentage of defects found at the phase 

in question over the total number of defects that enter the phase. It is usually em-
ployed for measuring the effectiveness of design and code reviews, as well as of 
compilation and testing. It can be used in PSPVDC for measuring the effectiveness of 
the new phases of formal specification review (FSR) and pseudo code review (PCR), 
formal specification, compile, and proof. 

The yield of the process is calculated as the percentage of defects injected and 
removed prior to the first code compilation. In PSPVDC, this must be adjusted by 
taking into account the new phases that precede the compilation phase. 

 

 

Defect removal efficiency is the number of defects removed per hour at the 
phases of Design Review, Code Review, Compile, and Test. In PSPVDC it is important 
to also know the number of defects removed per hour in the phases of Formal 
Specification Review, Pseudo Code Review, Formal Specification Compile (FSC), and 
Proof (PRF). Defect removal efficiency for such cases is defined as follows: 

 

 

 

 

 

 

 

Defect removal leverage is the number of defects removed per hour at one 
stage of the process with respect to a base phase. Normally, the base phase is Unit 
Test (UT). In PSPVDC we propose to incorporate the indicators DRL (FSR/UT), DRL 
(PCR/UT), DRL (FSC/UT), and DRL (PRF/UT), which correspond to the number of 
defects per hour removed at FSR, PCR, FSC, and PRF respectively, with respect to 
the UT phase. 

 

compile code before injected Defects

compile code before removed Defects
100(process) Yield ×=

Defect removal efficiency (FSR)=60⋅
Defects removed in FSR

Time in FSR (minutes )

Defect removal efficiency (PCR)=60⋅
Defects removed in PCR

Time in PCR (minutes )

Defect removal efficiency (FSC)=60⋅
Defects removed in FSC

Time in FSC ( minutes )

Defect removal efficiency (PRF )=60⋅
Defects removed in PRF

Time in PRF ( minutes )
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Cost of quality (COQ) is a measure of process quality. The components of COQ 
are failure, appraisal, and prevention costs. Failure cost is the time dedicated to 
repair and re-work, which corresponds in PSP to the phases of Compile and Test. 
Appraisal cost is the time spent in inspection, which in PSP is the time spent at the 
phases of Design and Code Review. Defect prevention is the time dedicated to the 
identification and resolution of the causes of the defects. 

With the same idea, in PSPVDC failure cost corresponds to the time employed in 
the phases of Code Compilation, Formal Specification Compile, Proof, and Test. The 
appraisal cost, on the other hand, is the time spent at the phases of Design and 
Code Review, Formal Specification Review, and Pseudo Code Review. 

The indicator Appraisal Cost of Quality (% Appraisal COQ) is defined in PSP as 
the percentage of the total development time employed in design and code review. 
High values of this indicator are associated to low number of defects in testing and 
high quality of the product. We modify this indicator in PSPVDC in order to incorpo-
rate the time employed in review of the formal specification and of the pseudo 
code. Therefore, the corresponding formula becomes 

  

 

The indicator Percent Failure COQ (% Failure Cost of Quality) is defined in PSP 
as the percentage of the total development time employed in compilation and test-
ing. We modify it in PSPVDC in order to incorporate the time spent in compilation of 
the formal specification (FSC) and the time spent in making the Proof. We thus re-
write the formula as 

 

 

A useful COQ measurement is the rate between appraisal and failure costs 
(A/FR). This indicator is only implicitly modified in PSPVDC because of the changes in 
A and FR. 

In PSP, a value of A/FR greater than 2 is considered an indicator of high per-
formance. This benchmark value must be adjusted in PSPVDC after performing em-
pirical studies because of the possible impact of the incorporated phases.

Timet Developmen Total

Time PCR  Time FSRTime Review CodeTime ReviewDesign 
100COQ Appraisal %

+++
×=

Timet Developmen Total

Time Proof  Time C FS  TimeTest Time Compile Code
100COQ Failure %

+++
×=
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2.7 Conclusions and Future Work 
 
This paper has described PSPVDC, a combination of PSP with Verified Design by 

Contract (VDbC), with the aim of developing better quality products. 
In summary, we propose to supplement the design with formal specifications of 

the pre- and post-conditions of methods as well as class invariants. This gives rise 
to seven new phases which come after the Design phase, namely Test Case Con-
struct, Formal Specification, Formal Specification Review, Formal Specification 
Compile, Pseudo Code, Pseudo Code Review, and Proof. We also propose to verify 
the logical correctness of the code by using an appropriate tool, which we call a 
verifying compiler. This motivates the new Proof phase, which provides evidence of 
the correctness of the code with respect to the formal specification. 

The process can be carried out within any of several available environments for 
VDbC. 

By definition, in Design by Contract (and thereby, also in VDbC) the specifica-
tion language is seamlessly integrated with the programming language, either be-
cause they coincide or because the specification language is a smooth extension of 
the programming language. As a consequence, the conditions making up the vari-
ous specifications are Boolean expressions that are simple to learn and understand. 
We believe that this makes the approach easier to learn and use than the ones in 
other proposals [Babar 2005, Suzumori 2003]. Nonetheless, the main difficulty as-
sociated with the method resides in developing a competence in carrying out the 
formal proofs of the written code. This is, of course, common to any approach 
based on formal methods. Experience shows, however, that the available tools are 
generally of great help in this matter. There are reports of cases in which the tools 
have generated the proof obligations and discharged up to 90% of the proofs au-
tomatically [Abrial 2006]. 

We conclude that it is possible in principle to define a new process which inte-
grates the advantages of both PSP and formal methods, particularly VDbC. In our 
future work, we will evaluate the PSPVDC in actual practice by carrying out meas-
urements in empirical studies. The fundamental aspect to be measured in our eval-
uation is the quality of the product, expressed in the amount of defects injected and 
removed at the various stages of development. We are also interested in measures 
of the total cost of the development. 
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Appendix 
 

In this section we present the Process Script, the Development Script, the For-
mal Specification Standard Template, the Specification Review Script, and Formal 
Specification Review Checklist Template. 

Table 12: Process Script 

Purpose To guide the development of module-level programs 

Entry Criteria - Problem description 

- PSP Project Plan Summary form 

- Size Estimating template 

- Historical size and time data (estimated and actual) 

- Time and Defect Recording logs 

- Defect Type, Coding, and Size Counting standards  

- Stopwatch (optional) 
  

Step Activities Description 

1 Planning - Produce or obtain a requirements statement. 

- Use the PROBE method to estimate the added and modi-

fied size and the size prediction interval of this program. 

- Complete the Size Estimating template. 

- Use the PROBE method to estimate the required devel-

opment time and the time prediction interval. 

- Complete a Task Planning template. 

- Complete a Schedule Planning template. 

- Enter the plan data in the Project Plan Summary form. 

- Complete the Time Recording log. 

2 Development - Design the program. 

- Document the design in the design templates. 

- Review the design and fix and log all defects found. 

- Design Test cases. 

- Formally specify the methods of every class introduced at 

design. 

- Review the formal specification and fix and log all de-

fects found. 

- Compile the formal specification and fix and log all de-

fects found.  

- Write down the pseudo code, using the Logic Template. 

- Review the pseudo code and fix and log all defects found.  

- Implement the design. 

- Review the code and fix and log all defects found. 

- Compile the program and fix and log all defects found. 

- Construct a formal proof of correctness of the code with 

respect to its formal specification. 

-  Test the program and fix and log all defects found. 

- Complete the Time Recording log. 

3 Postmortem Complete the Project Plan Summary form with actual time, 

defect, and size data. 
 

Exit Criteria - A thoroughly tested program 

- Completed Project Plan Summary form with estimated 

and actual data 

- Completed Size Estimating and Task and Schedule Plan-

ning templates  

- Completed Design templates and Formal Specification 

Templates 

- Completed Design Review, Formal Specification Review, 

Pseudo Code Review, and Code Review checklists 

- Completed Test Report template 
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- Completed PIP forms 

- Completed Time and Defect Recording logs 

 

Table 13: Development Script 

Purpose To guide the development of small programs 

Entry Criteria - Requirements statement 

- Project Plan Summary form with estimated program size 

and development time 

- For projects lasting several days or more, completed Task 

Planning and Schedule Planning templates 

- Time and Defect Recording logs 

- Defect Type standard and Coding standard 
 

Step Activities Description 

1 Design - Review the requirements and produce an external specifi-

cation to meet them. 

- Complete Functional and Operational Specification tem-

plates to record this specification. 

- Produce a design to meet this specification. 

- Record the design in Functional, Operational, and State 

templates. 

- Record in the Defect Recording log any requirements 

defects found. 

- Record time in the Time Recording log. 

2 Design 

Review 

- Follow the Design Review script and checklist and review 

the design. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

3 Test Case 

Construct 

- Design test cases and record them in the TestReport. 

- Record time in the Time Recording log. 

4 Formal Specifica-

tion 

- Implement the design following the Formal Specification 

standard. 

- Record in the Defect Recording log any requirements or 

design defects found. 

- Record time in the Time Recording log. 

5 Formal Specifica-

tion Review 

- Follow the Formal Specification Review script and check-

list and review the specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

6 Formal Specifica-

tion Compile 

- Compile the formal specification until there are no com-

pile errors. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

7 Pseudo Code - Produce a Pseudo Code to meet the design. 

- Record the design Logic Specification templates. 

- Record in the Defect Recording log any defects found. 

- Record time in the Time Recording log. 

8 Pseudo Code Re-

view 

- Follow the Pseudo Code Review script and checklist and 

review the specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

9 Code - Implement the design following the Coding standard. 

- Record in the Defect Recording log any requirements or 

design defects found. 

- Record time in the Time Recording log. 
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10 Code 

Review 

- Follow the Code Review script and checklist and review 

the code. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

11 Compile - Compile the program until there are no compile errors. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

12 Proof - Construct a formal proof of correctness of the program 

with respect to the formal specification. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

13 Test - Test until all tests run without error. 

- Fix all defects found. 

- Record defects in the Defect Recording log. 

- Record time in the Time Recording log. 

- Complete a Test Report template on the tests conducted 

and the results obtained. 
 

Exit Criteria - A thoroughly tested program that conforms to the Coding 

standard 

- A formal specification conforming to the Formal Specifi-

cation Standard 

- Completed Design and Formal Specification templates 

- Completed Design Review, Pseudo Code Review, Formal 

Specification Review and Code Review checklists 

- Completed Test Report template 

- Completed Time and Defect Recording logs 
 

Table 14: Formal Specification Standard Template 

Purpose To guide the formal specification of programs 

 

Program Headers Begin all programs with a descriptive header. The header should use 

the Java documentation commenting convention ("/**") so automated doc-

umentation generation is possible. Include in the descriptive header the 

name of the author who writes the formal specification and a version num-

ber. 

Header Format /** 

 * @formal specification author     Philip Johnson 

 * @formal specification version    Tue Dec 26 2011 

 */ 

Identifiers Use descriptive names for all variables, constants, and other identifi-

ers.  Avoid abbreviations or single letter variables.   

Identifier Example //@ public constraint age >= \old(age); //this is good 

//@ public constraint i >= \old(i); //this is bad 

Comments Document the code so that the reader can understand its operation.   

Comments should explain both the purpose and behavior of the code. 

Comment variable declarations to indicate their purpose. 
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Good Comment /*@ requires array != null; 

  @ ensures (* return the sum of the array elements *)  

  @     && \result == (\sum int I; 0 <= I && I < array.length; array[I]); 

  @ ensures (* without modifying the array *)  

  @     && (\forall int I; 0 <= I && I < array.length; 

  @         array[I] == \old(array[I])); 

  @*/ 

Bad Comment This comment is wrong: 

/*@  

 @ ( * comment * ) assertion 

 @*/ 

 

This comment is OK: 

/*@  

 @ ( * comment * ) && assertion 

 @*/ 

Comments are treated as assertions; therefore, they should be con-

nected to other assertions by means of &&. 

 

Indenting Indent every level of brace from the previous one. 

Indenting  

Example 

/*@ public normal_behavior  

  @    requires divisor > 0; 

  @    ensures divisor*\result <= dividend 

  @        && divisor*(\result+1) > dividend; 

  @ 

  @ also  

  @ public normal_behavior  

  @    requires divisor == 0; 

  @    ensures \result == 0; 

  @*/ 

Capitalization · Always use lower case in variable declarations. 

· Use upper case for types and classes. 

· Use upper case in invocations of a method so declared or of a JML 

library.  

Capitalization 

Example 

/*@ public model String name; 

@ public represents name <- getName(); 

@ 

@ public invariant !"".equals(name); 

 */ 

 

Table 15: Specification Review Script 

Purpose To guide you in reviewing detailed designs 

Entry Criteria 
- Specification Review checklist 

- Defect Type standard 

- Time and Defect Recording logs 

General Where the Specification was previously verified, check that the analyses 

covered all of the Specification, were updated for all Specification changes,  
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and are clear and complete. 

 

Step Activities Description 

1 Preparation Examine the program and checklist and decide on a review strategy. 

2 Review 
- Follow the Specification Review checklist. 

- Review the entire program for each checklist category; do not try to re-

view for more than one category at a time! 

- Check off each item as you complete it. 

- Complete a separate checklist for each product or product segment re-

viewed. 

3 Fix Check 
- Check each defect fix for correctness. 

- Re-review all changes. 

- Record any fix defects as new defects and, where you know the defective 

defect number, enter it in the fix defect space. 
 

Exit Criteria 
- A fully reviewed detailed Specification 

- One or more Specification Review checklists for every design reviewed 

- Documented Specification analysis results 

- All identified defects fixed and all fixes checked 

- Completed Time and Defect Recording logs 
 

 

Table 16: Formal Specification Review Checklist Template 
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Student  Date  

Program  Program #  

Instructor  Language  

Formal Specifica-

tion Lenguage 

   

 

Purpose To guide you in conducting an effective specification review 

General Review the entire Specification for each checklist category; do not attempt to 

review for more than one category at a time! 

As you complete each review step, check off that item in the box at the right. 

Complete the checklist for one specification or specification unit before re-

viewing the next.  

General To verify that the formal specification adequately complements the design. 
 

Assertions Assertions are prefixed by //@ or appear between /*@ … @*/ 

Every assert clause must end in ;. 

Verify that the variable associated to each clause \forall, \sum, 

\exists, etc. is appropriately initialized. 

In each clause \forall, \sum, \exists, etc. verify balance of paren-

theses in IF, ELSE, FOR, WHILE. 

In each clause \forall, \sum, \exists, etc. verify that the appropri-

ate segment of the array is traversed. 

Verify that every method invoked within an assertion is declared 

as /*@ pure @*/. 

    

Preconditions Method preconditions are declared by means of the requires 

clause. 

Postconditions Method post conditions are declared by means of the ensures 

clause. 

Class Invariants 

 

Class invariants are declared by means of the invariant clause. 
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Capítulo 3.  

Systematic Review of PSP Adaptations 
 
In this chapter we present a systematic review of existing literature about PSP 

adaptations. In particular, we are interested in getting to know those adaptations 
that propose to incorporate the use of Formal Methods. Section 3.1 presents gen-
eral concepts about systematic reviews. Section 3.2 presents the specific systemat-
ic review carried out. 

 

Silvana Moreno, Álvaro Tasistro, Diego Vallespir 
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3.1 Systematic Reviews 
 
A systematic review of the literature is a means of identification, evaluation and 

interpretation of all available information about a research question, subject area or 
phenomenon of interest [Kitchenham 07].  

Several reasons may justify the realization of a systematic review. It may be 
necessary to summarize the existing investigations on a certain subject or technol-
ogy in order to get to know the latter´s benefits and limitations. It could also be 
directed towards identifying shortcomings of current research, so as to suggest fur-
ther investigations of to provide a frame wherein to position new research activi-
ties. 

Generally, research projects begin with a literature review of some kind. How-
ever, this is often not carried out in an exhaustive way, which impoverishes its sci-
entific value. This is the main reason for carrying out systematic reviews. 

There are normally three phases to a systematic review: planning, conduction 
and report. We follow guides proposed in [Kitchenham 07].  

3.1.1 Planning 

During the planning phase the reasons for carrying out the review are identi-
fied, the research questions are specified, and the review protocol is defined and 
evaluated. 

To state clearly the reasons for performing the review fulfills the important end 
of confirming its actual need. 

The research questions determine the goals of the review. It is convenient that 
these are formulated in terms of one or several questions to be answered during 
the systematic review. 

Finally, the protocol of the review specifies the methods to be used during its 
realization. It is necessary to count on a predefined protocol in order to reduce the 
possibility of bias on part of the researcher.  For instance, in absence of a protocol, 
the selection of the case studies or their analysis could be influenced by the re-
searcher’s expectations. In general, the review protocols are submitted to pair 
evaluation. 

The components of a protocol are: 
· The reasons for performing the review 
· The research questions 
· The strategy for the search of articles 
· The quality controls 
· The strategy for data extraction and synthesis 
· The publication strategy 

We now clarify the last four points above. 
The strategy for the search of articles is directed towards generating an ade-

quate search chain and selecting the resources wherein to conduct the search. The 
search chain is generated by combining in several ways search terms that are de-
rived from the research questions. One general approach consists in decomposing 
the questions into parts, adding synonyms, abbreviations or alternative expressions 
for each part, and finally connect the parts using AND, OR. 

The resources wherein the search chain is normally applied are digital libraries, 
as well as repositories of specific journals or conference proceedings.  

The selection criteria are properties required for an article to be included into 
the systematic review. The procedures of selection describe how the selection crite-
ria are applied. This is necessary, for instance, to determine how each article is to 
be evaluated, and disagreements resolved, in the presence of several reviewers. 
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Quality control is normally performed using check lists. These contain the fea-
tures that the researchers must observe on each article in order to ascertain its 
quality. In article selection, each feature is ranked, and the sum total of these 
ranks must overstep a predefined minimal value for the article to be included into 
the review. 

The strategy of data extraction determines how to obtain the required infor-
mation from each study.  The strategy of data synthesis determines how the infor-
mation obtained is to be synthesized.  

Finally, the publication strategy determines the ways in which the systematic 
review is to be made generally available, i.e. through journal, brochure, poster, 
web page, report, etc. 

Once the protocol is set up, it must be evaluated. The way this is done depends 
largely on the available budget. Students will generally submit their protocols to 
their supervisors’ judgement. The assessment of the protocol must confirm that the 
search chain is adequately derived from the research questions and that the proce-
dure of data analysis is suitable for answering such questions.  

3.1.2 Conduction 

In the phase of conduction the articles are selected, their quality is secured, 
and data extraction and synthesis are carried out according to the protocol. 

3.1.3 Report 

The final phase of a systematic review consists in writing down their results and 
making them available generally or to the stakeholders.  

 

3.2 Systematic Review of Adaptations of the Personal 

Software Process. 
 

In this section we present a systematic review of existing adaptations of the 
PSP. The division into subsections corresponds to the manner of presenting sys-
tematic reviews introduced by Kitchenham [Kitchenham 07]. 

3.2.1 Reason for the review. 

The production of software has become a process focused on quality. PSP is a 
disciplined and individual process directed towards producing quality software. One 
of its principles consists in finding and correcting software defects at early stages of 
the development. Our proposal, PSPVDC is an adaptation of the PSP that incorpo-
rates the use of Formal Methods. The objective of this proposal is to improve quali-
ty by reducing the number of defects that arrive at the stage of Unit Testing. 

The goal of the present review is to know whether there exist other proposals 
of adaptation of the PSP that aim at improving the quality of the software produced. 
In particular, we are interested in adaptations that incorporate the use of Formal 
Methods. 

3.2.2 Research questions 

The research questions are the following: 
1. Do there exist proposals of adaptations to the PSP?  
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2. Do they incorporate use of Formal Methods? 

3.2.3 Search strategy 

The digital libraries employed in the search have been:  SCOPUS, Springer, 
IEEE Xplore and EBSCO. These search engines comprise the main collections of 
journals and conference proceedings in the area of Software Engineering.  

Besides, a manual search was conducted on “A Bibliography of the Personal 
Software Process (PSP) and the Team Software Process (TSP)”, as well as on the 
collection of proceedings of the TSP Symposium carried out between 2006 and 
2012. The first work cited above is a document edited by the SEI that contains ref-
erences to books, chapters, sections and other types of publications concerned with 
the PSP and the TSP. 

In order to encompass a larger number of articles, we also performed a crossed 
search. That is, we searched for articles that cited any of those articles found by 
means of our initial search strategy. In this second search we employed the same 
libraries as in the original search. 

The search chain employed consists of three parts. The first part is related to 
the manners of referring to the PSP. The second part considers synonyms of “adap-
tation”, i.e. different manners of referring to changes of the PSP. Finally, the third 
part refers to “use of Formal Methods”. The first part is thus mandatory, whereas 
the second and third parts are both admissible. Therefore we arrive at the follow-
ing:  

(PSP or “personal software process”) and  

((adapting or extending or over or incorporating) or (“formal methods” or 
“design by contract”)) 

In applying the search chain on the search engines, we discovered that the ac-
ronym PSP is used within a large variety of subjects, which makes the search return 
very many irrelevant results. Therefore we decided to eliminate the option “PSP”, 
on the basis of the consideration that “personal software process” is likely to appear 
either in the title or in the abstract of the articles we aimed at. 

Therefore the search chain finally used is the following: 
 (“personal software process”) and ((adapting or extending or over or incorpo-

rating) or 
(“formal methods” or “design by contract”)) 

3.2.4 Criteria of inclusion and exclusion. 

The author of the present review (and of the present thesis) evaluated each of 
the articles retrieved by both the automatic and manual search. In evaluating an 
article, we considered its title, keywords and abstract. 

Those articles for which at least one of the following conditions is verified are to 
be excluded: 

· The article does not focus on the Personal Software Process. 
· It is a book or book chapter. 
· It is a duplicate of one coming from a different source. 
· It is not written in English. 
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3.2.5 Quality Control 

We expect to find a very low number of articles satisfying the criteria of inclu-
sion, and so we decide not to perform a quality check on them. Nevertheless, in a 
hypothetical quality check list we should include: 

· That the adaptations proposed are presented in a clear and complete 
manner. 

· That the article is published in a pertinent journal or conference. 
· That the article has been cited. 

3.2.6 Data Extraction and Synthesis 

The data to be extracted from the selected articles are the following: 
· Title 
· Kind of publication (journal, magazine, conference, workshop) 
· Year of publication 
· Abstract 
· Results/Conclusions 

 
The data synthesis will consist in classifying the articles on the basis of our re-
search questions, i.e. in: articles adapting PSP by incorporating Formal Meth-
ods, articles adapting PSP in any other respect, and articles using Formal Meth-
ods together with PSP without making any adaptation of the latter. The results 
will be studied as related work of the present thesis. 

3.2.7 Results  

During the conduct of the systematic review we identified studies. We use the 
search string on the selected search engines on 07/03/2013. 

On the IEEE repository, after eliminating contents of types Books & eBooks, 31 
results are obtained.  On EBSCO results are filtered so as to avoid those contained 
in CAB Abstracts 1990-Present, Dentistry & Oral Sciences Source, MEDLINE and 
Ovid Journals. Then 34 results are obtained. Using SCOPUS the items belonging to 
the areas Life Sciences and Health Sciences are excluded, getting 20 results. Final-
ly, on the Springer repository, by including only Computer Science and English arti-
cles, 20 results are obtained. 

In “A Bibliography of the Personal Software Process (PSP) and the Team Soft-
ware Process (TSP)” one article is found that proposes to adapt PSP incorporating 
the use of Formal Methods. This article was also found on EBSCO and IEEE. 

In the TSP Symposium one article was found that did not appear in the search-
es conducted on the other sources, and an oral presentation. 

Eliminating duplicates, the overall results of the primary search are as follows: 
 

· EBSCO  34 articles  
· Springer 19 articles 
· Scopus 18 articles 
· IEEE  29 articles 
· TSP Symposium 1 article, 1 oral presentation 
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After applying the criteria of inclusion and exclusion, there remained 2 articles 
from the Scopus base, 1 from IEEE, and 1 article and 1 oral presentation from TSP 
Symposium. 

Next, the data corresponding to the 4 articles found are presented. They all 
propose adaptations to the PSP; three of them propose adaptations that incorporate 
the use of formal methods. We also present the information related to the oral 
presentation in TSP Symposium that proposes to incorporate to the PSP integration 
techniques based on models. We got in touch with the authors via email in order to 
obtain some additional written material on the proposal, but it was not available. 

 
Title: Integrating pair programming into a software development process 
 Authors: Williams, L.   
Type of article: Conference 
Year: 2001 
Abstract: Anecdotal and statistical evidence indicates that pair programmers - 

two programmers working side-by-side at one computer, collaborating on the same 
design, algorithm, code or test - outperform individual programmers. One of the 
programmers, the driver, has control of the keyboard/mouse and actively imple-
ments the program. The other programmer, the observer, continuously observes 
the work of the driver to identify tactical (syntactic, spelling, etc.) defects, and also 
thinks strategically about the direction of the work. On demand, the two program-
mers can brainstorm any challenging problem. Because the two programmers peri-
odically switch roles, they work together as equals to develop software. This prac-
tice of pair programming can be integrated into any software development process. 
As an example, this paper describes the changes that were made to the Personal 
Software Process (PSP) to leverage the power of two programmers working togeth-
er, thereby formulating the Collaborative Software Process (CSP). The paper also 
discusses the expected results of incorporating pair programming into a software 
development process in which traditional, individual programming is currently used 
[Williams 01] . 

Conclusions: They described the changes made to the PSP to yield the CSP. 
These changes involved: 1) updating process scripts to document the role of the 
driver and the observer; 2) adapting data collection forms and analysis reports and 
3) altering design and code review procedures. Making these explicit changes to the 
process cause several implicit, but beneficial, changes to the development envi-
ronment. 

 
Title: A Combination of a Formal Method and PSP for Improving Software Pro-

cess: An Initial Report 
Authors: Kusakabe, S., Omori, Y. and Araki K. 
Type of article: Symposium TSP 
Year: 2012 
Abstract: Software process is important for producing high-quality software 

and for its effective and efficient development. The Personal Software Process (PSP) 
provides a method for learning a concept of personal software process and for real-
izing an effective and efficient process by measuring, controlling, managing, and 
improving the way we develop software. PSP also serves as a vehicle to integrate 
advanced software engineering techniques, including formal methods, into one’s 
own software development process. While formal methods are useful in reducing 
defects injected into a system, by mathematically describing and reasoning about 
the system, engineers may have difficulties integrating formal methods into their 
own software development processes. We propose an approach in which engineers 
use PSP to introduce formal methods into their software processes. As our initial 
trial, we followed one of our graduate students as he tried to improve his personal 
process with this approach. He measured and analyzed his own process data from  
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PSP for Engineers-I, and proposed and experimented with an improved software 
process with a formal method, the Vienna Development Method (VDM). The exper-
imental results indicate he could effectively reduce defects by using VDM  
[Kusakabe 12]. 

Conclusions: Kusakabe, Omori, and Araki proposed an approach in which de-
velopers use PSP as a framework of software process improvement to introduce 
formal methods into their software process for realizing effective and efficient de-
velopment of high-quality software. 

 They reported one initial trial of the introduction of formal methods into per-
sonal process based on PSP. According to the process data in the trial, the develop-
er spent more time in Design and less time in Test. He successfully reduced the 
number of defects he had focused on without decreasing his productivity. 

 
Title: Adapting the Personal Software Process (PSP) to formal methods.  
Authors: Babar, A., Potter, J.   
Type of article: Conference 
Year: 2005 
Abstract: The goal of good software engineering practice is to deliver reliable, 

high-quality software on-time and on-budget. In this paper we advocate the combi-
nation of two modern approaches towards achieving this goal. On the one hand, 
with an eye to software quality, we consider adopting a state-based formal devel-
opment method, the B-method. In terms of tool support and industry adoption, this 
is the most advanced such method. On the other, aimed at improving the develop-
ment practices of individual developers, we consider the adoption of the Personal 
Software Process (PSP). To our knowledge this combination of formal methods and 
PSP has not been considered before; we term our special version of the combina-
tion B-PSP. We present a re-design of the PSP data collection and analysis tasks 
specifically geared towards the B-Method. Although we support the general frame-
work of PSP, we also believe that developers do not enjoy having their creative and 
thinking process being interrupted by the need to regularly log activities. With this 
in mind, we present the PSP tasks in a style which should be acceptable to B devel-
opers. We view the results of this paper as a specification for some of the data log-
ging and analysis requirements of a B-PSP-based development [Babar 05].  

Conclusions: Babar and Potter combine Abrial’s B Method with PSP into B-PSP. 
They add the phases of Specification, Auto Prover, Animation, and Proof. A new set 
of defect types is added and logs are modified so as to incorporate data extracted 
from the B machine’s structure. The goal of this work is to provide the individual B 
developers with a paradigm of measurement and evaluation that promotes reflec-
tion on the practice of the B method, inculcating the habit of recognizing causes of 
defects injected so as to be able to avoid these in the future. We have had no no-
tice about further results of this research. In comparison to B, our chosen formal 
method is significantly lighter and so, we expect, easier to incorporate into actual 
industrial practice. 

 
Title: VDM over PSP: A Pilot Course for VDM Beginners to Confirm its Suitabil-

ity for Their Development  
Authors: Suzumori, H., Kaiya, H., Kaijiri, K.    
Type of article: Conference 
Year: 2003 
Abstract: Although formal methods seem to be useful, these is no clear way 

for beginners to know whether the methods are suited for them and for their prob-
lem domain, before using the methods in practice. We propose a method to confirm 
the suitability of a formal method. The method is realized as a pilot course based on 
the PSP. A course mentioned in this paper is designed for a typical formal method,  
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VDM. Our course also helps beginners of VDM to learn VDM gradually and naturally. 
During the course, they can confirm its suitability as follows; First, they practice 
several exercises for software development, while techniques of VDM are intro-
duced gradually. Second, process data and product data of software development 
are recorded in each exercise. Third, by evaluating these data by several metrics, 
they can confirm the suitability of VDM for their work [Suzumori 03]. 

Conclusions: They propose the combination of VDM and PSP. The Design 
phase is modified incorporating the formal specification in the VDM-SL language. 
Besides, the phases of VDM-SL Review, Syntax Check, Type Check and Validation 
are added. A prototype course is proposed in which each student is to carry out 
nine exercises applying VDM on the PSP. Data thereby collected shows that about 
90% of the defects are eliminated before the Code Review phase. A conclusion is 
then that the use of VDM contributes to eliminate defect injection during design. 
After this work was concluded, the research was discontinued for reasons internal 
to the organization. 

 
Title: Integrating Model-Driven Engineering Techniques in the Personal Soft-

ware Process 
Authors: Pascoal, J.  
Type of article: Symposium TSP 
Year: 2012 
Abstract: The authors propose an approach based on MDE (Model-Driven En-

gineering) for generating code from models with the objective of checking the 
quality of the models. The approach consists in developing structural models MDD 
(for instance, class skeletons) and developing models of partial behavior MBT that 
are sufficient for generating tests. The PSP is modified to incorporate the construc-
tion of the models and the generation of model based tests [Pascoal 12]. 

Conclusions: The authors conclude that theirs is a "PSP friendly" proposal, 
which promotes the realization of precise and easily revisable designs at a low cost 
in terms of script modifications. It is designed to bring short term productivity and 
quality benefits 
 

Finally, we performed the crossed search on EBSCO, Springer, Scopus e IEEE, 
for the articles citing any of the 4 found in the original search, which did not add 
any article to the search results. Using Scopus we found that the articles incorpo-
rating the formal method B and VDM into PSP are not mentioned in any other arti-
cle. Using Springer and EBSCO those two articles are not found. Finally using IEEE 
we found that the VDM article is quoted in the one using the B formal method in 
PSP, whereas the latter is not mentioned in any article. 

The article "A Combination of a Formal Method and PSP for Improving Software 
Process: An Initial Report" TSP Symposium, is not found by any sources Springer / 
EBSCO / IEEE / Scopus. Therefore is not possible to know if it was cited. Finally, 
using Scopus and Springer we found that the article incorporating pair program-
ming to PSP is cited by the articles "Contemporary peer review in action: Lessons 
from open source development" and "A Repository of Agile Method Fragments" re-
spectively. However these articles do not focus on PSP. Using IEEE we found that 
the article is cited by other two articles: "A multiple case study on the impact of 
pair programming on product quality" and "Heterogeneous and homogenous pairs 
in pair programming: an empirical analysis”, which also focus on the PSP. When 
searching on EBSCO the article that incorporating pair programming to PSP is not 
found.  

3.2.8 Discussion 
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We summarize the main conclusions arising from the systematic review. The 
goal of the review was getting to know the adaptations to the PSP that have been 
proposed and, in particular, finding out whether any of them proposed to incorpo-
rate the use of formal methods. 

One of the works found proposes to modify the PSP to carry out pair program-
ming in the software development process. The new process is called Collaborative 
Software Process (CSP). The authors explain how the scripts, templates and forms 
of the PSP are adjusted to incorporate pair programming. In particular, they de-
scribe the modifications that are required to distinguish the tasks corresponding to 
each role (developer and observer) and the times at which role switch has to be 
accomplished. Another modification is the use of two design check lists and two 
code check lists, one for each role. 

The oral presentation at the TSP Symposium proposes an adaptation to inte-
grating Model-Driven Engineering Techniques in the PSP. The proposed process 
modifies the design phase for including the development of a design model that 
describes the external structure of the system and its behavior. This model is to be 
subsequently refined for describing the internal structure of the system and its be-
havior. The phase of Design Review incorporates the checking of the model by us-
ing a static analysis tool. Finally, the phases of Code and Unit Test incorporate par-
tial generation of code from the models as well as model based test generation. 

The other articles propose adaptations to the PSP that incorporate the use of 
Formal methods. Babar and Potter propose a new process called B-PSP that incor-
porates the B formal method. The proposal by Suzumori, Kaiya y Kaijiri, as well as 
that by Kusakabe, Omori and Araki, propose the use of VDM within the PSP. 

All the proposals found modify scripts, templates and forms in order to give 
support to the new processes. CSP maintains the same development phases of the 
PSP, incorporating to them the roles of observer and developer. The proposal that 
integrating model-driven engineering techniques also maintains the same phases of 
the PSP, modifying several of them to incorporate code and test generation as well 
as model checking. 

The proposal VDM over PSP (VDM-PSP) both adds and modifies phases of the 
development process. This is the same as in our proposal, PSPVDC. VDM-PSP modi-
fies the Design phase to incorporate formal specification in the VDM-SL language. 
After formal specification, the phase of Design Review of the PSP is carried out. 
After that, new phases are to be performed:  syntax review, syntax check, type 
check and validation. During syntax review, the user checks the specifications for 
syntax defects. Besides, a Tool box automatically carries out syntax review, type 
checking and validation.  

In this proposal they do not apply proof techniques because VDM-PSP is in-
tended to be carried out by inexperienced students. 

As different from VDM-PSP, in PSPVDC we decided to add a new phase aimed at 
formal specification. This makes it possible to obtain information of time spent, de-
fects injected and removed only as a consequence of formal specification. 

The VDM-SL syntax review phase in VDM-PSP is similar to that of formal speci-
fication review in PSPVDC. Both have as goal to remove the defects injected during 
the formal specification. 

The syntax review and type checking phases, as performed automatically by a 
tool, could be considered similar to the formal specification compile phase of 
PSPVDC. The validation phase is not clearly presented by the authors. We under-
stand that in this phase the specification is checked with respect to the user´s re-
quirements, using a convenient support tool. This phase can be considered similar 
to the review of the formal specification of PSPVDC.  

PSPVDC also includes Test case construct and Pseudo code phases which the 
VDM proposal does not specify.  
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 Figure 3.1 shows the phases of each process. The colors and arrows indicate 
how PSPVDC phases can be mapped on those of VDM over PSP. 
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            Figure 3.1: Phases of proposals PSPVDC and VDM over PSP. 

 

The proposal by Kusakabe, Omori and Araki incorporates the formal method 
VDM with its various formal specification languages  and a toolkit that enables syn-
tax checking, type checking, the use of an interpreter and the generation of test 
obligations. 

The proposal maintains the same phases that PSP, modifying: 
· the design phase to incorporate formal specification using any of the 

specification languages  (eg VDM + +) and  
· design review phase, to incorporate the use of the VDM toolkit. 

As mentioned earlier, this differs from PSPVDC, where we decided to perform the 
specification and the specification review in new phases. It is not clear in their pro-
posal in which phase the proof obligations are generated. In PSPVDC this is done 
during the Proof phase. We believe their proposal is incomplete, which makes com-
parison difficult. We contacted the authors via email for more information but have 
got no response. 

Figure 3.2 presents the phases of each process. Colors and arrows indicate how 
PSPVDC phases can be mapped onto those of the proposal by Kusakabe, Omori and 
Araki. 

While PSP does 
not specify in 
which phase to 
build the test, 
this is usually 
done in Design. 

The proof phase 
does not corre-
spond to any phase 
in the process of 
VDM, because this 
proposal does not 
generate a proof. 

The pseudo code 
phase in PSP is a 
design activity, 
using the Logic 
Specification Tem-
plate. 
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Figure 3.2: Phases of proposals Kusakabe, Omori and Araki, and PSPVDC. 

 

The B-PSP proposal incorporates Specification, Auto Prover, Animation and Au-
to Proof phases. During the specification the B-machines are specified using the B 
formal language. Later, Auto Prover and Animation phases are performed with the 
assistance of the B toolkit. The basic syntax checking and dependency between 
machines is controlled, generating proof obligations and providing animation. Dur-
ing the Auto Proof an interactive proof of correctness is carried out, using the B 
toolkit.  

B-PSP also proposes generating code automatically, but does not explain how 
that phase is performed. The proposal eliminates the design, design review, code, 
code review, compile and unit test phases, but does not clarify whether the activi-
ties undertaken during these are made in some of the new phases. 

When comparing B-PSP with PSPVDC, we note that the specification activity is 
proposed in both cases as a new phase, allowing to collect information about cost 
and specific defects of that phase. We note that no specification review is per-
formed in B-PSP. PSPVDC, on the other hand, proposes a formal specification review 
that allows to detect early injected defects. The syntax control activity performed 
during the Auto Prover and the Animation phase in B-PSP are carried out in the 
formal specification review and formal specification compilation phases in PSPVDC. 

Finally, the Auto Proof phase in B-PSP is analogous to the PSPVDC Proof phase, 
seeking to generate the proof with the assistance of tools. The figure 3.3 illustrates 
the correspondence between the phases of both proposals. 
  

¿Generating proof 
obligations? 
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                               Figure 3.3: Phases of proposals B-PSP and PSPVDC. 

 

3.2.9 Conclusions 

We present a systematic review of the literature that attempts to summarize 
the existing information on the adjustments made to the PSP and particularly those 
incorporating formal methods. Only 5 articles are found that propose adaptations of 
the PSP. 3 of them are adaptations of the PSP for the use of formal methods; the 
other two adapt the PSP to the use of pair programming techniques and integrating 
model-driven engineering techniques respectively. 

Unfortunately, the three papers that incorporate formal methods have not pre-
sented the full proposed process and do not refer to any technical report doing so 
to which we can access. Because of that, it is not possible to make a thorough 
comparison between these processes and PSPVDC. 

Nevertheless, we have compared the various phases of the corresponding pro-
cesses. As detailed in the preceding section, some of the adaptations to the PSP 
bear similarities to our proposal, while others do not. Different adaptations allow 
different degrees of granularity of the data collected. 

The two proposals that incorporate the VDM to the PSP are very different in the 
way they perform the adaptation. One adds several phases to the process to incor-
porate the specification and use of tools, while the other has the same phases of  

? 

? 

? 

The B proposal 
does not contain a 
unit test phase so 
the activity of test 
case construct is 
pointless. 
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the original PSP, incorporating further activity to these. Our proposal PSPVDC is one 
possible way of adapting PSP by incorporating design by contract. There may be 
several other proposals for the same purpose. To determine whether PSPVDC pro-
duces improvements in individual development process remains now for us to in-
vestigate. 
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Capítulo 4. 

Evaluación del PSPVDC y Comparación con el 
PSP 

 
En este capítulo se presenta una propuesta para evaluar el PSPVDC  y comparar-

lo con el PSP. El objetivo es analizar los procesos con el propósito de conocer la 
calidad de los productos y la productividad que se logra, en el contexto de un expe-
rimento controlado llevado a cabo por estudiantes de la Carrera de Ingeniería en 
Computación de la Facultad de Ingeniería - Universidad de la República.  

 

4.1 Introducción 
 

El PSP se basa en una serie de prácticas que no son comúnmente seguidas en 
los desarrollos de software [Humphrey 05, Macchi 12]. Ejemplos de tales prácticas 
son la revisión de código y la recolección de datos del proceso. Es por esto que 
Humphrey, con motivo de enseñar a los ingenieros el PSP, utiliza una forma de 
adopción a través de la cual la familiarización con el proceso se produce gradual-
mente. Para esto construyó una serie de niveles, cada uno de los cuales extiende al 
nivel anterior introduciendo nuevas prácticas y elementos (formularios, scripts, 
estándares, etc) del proceso. La enseñanza del PSP se realiza mediante cursos. Los 
cursos propuestos por Humphrey se denominan “PSP for engineers 1” y “PSP for 

engineers 2”. Durante estos cursos, a medida que se realizan ejercicios de progra-
mación, se van introduciendo las prácticas del PSP (utilizando los distintos niveles). 

Siguiendo la misma línea que el PSP, definimos 2 niveles para el PSPVDC. El ni-
vel 1 denominado PSPVDC light y el nivel 2 denominado PSPVDC full. En el PSPVDC light 
no se realiza la demostración formal de los programas mientras que en el PSPVDC 
full sí. Entonces, el nivel 1 no tiene la fase proof mientras que el nivel 2 sí. El 
PSPVDC full es el proceso completo, que fue presentado en el capítulo 2. 

Estos niveles permiten armar un curso que introduzca gradualmente las prácti-
cas del PSPVDC, explicando entre otras cosas en el nivel 1 lo correspondiente a es-
pecificaciones formales y en el nivel 2 los conceptos de las pruebas. Además, los 
datos recabados de aplicar cada uno de los niveles del PSPVDC permiten realizar 
comparaciones entre los niveles. Por ejemplo, es de nuestro interés conocer si el 
introducir la prueba (PSPVDC full) mejora la calidad de los productos con respecto al 
PSPVDC light. 

En este capítulo se presenta una propuesta para evaluar el PSPVDC (light y full) 
y compararlo con el PSP mediante la realización de experimentos controlados. Los 
experimentos controlados son una técnica de investigación en la cual se quiere te-
ner control del estudio y del entorno en el que éste se lleva a cabo4. La propuesta 
planteada consiste en la realización de dos experimentos controlados. El objetivo de 
los experimentos es comparar la productividad de los procesos PSPVDC light, PSPVDC 

full y PSP. En el primer experimento se comparan el PSPVDC light y el PSP  y en el 
segundo experimento se comparan el PSPVDC full y el PSP. 

En un experimento controlado a menudo aparecen dificultades imprevistas, por 
lo que es conveniente intentar anticiparse a estos problemas. Una forma de antici-
parse es realizando un caso piloto. Un caso piloto consiste en realizar las mismas  

                                                           
4
 El Anexo A “Experimentos Formales” presenta los conceptos básicos de los experimentos controlados en ingeniería 

de software. 
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actividades del experimento controlado pero con el objetivo de detectar problemas 
y corregirlos antes de comenzar el experimento. Por este motivo, proponemos rea-
lizar dos casos pilotos con el objetivo de evaluar el funcionamiento del PSPVDC light y 
del PSPVDC full. Denominamos piloto light y piloto full a los casos pilotos correspon-
dientes a PSPVDC light y PSPVDC full respectivamente.  

El piloto light consiste en la aplicación del PSPVDC light por parte de un sujeto a 
los mismos ejercicios propuestos en el curso de “PSP for engineers 1”.  Previamente 
el sujeto deberá ser capacitado en el lenguaje de especificación formal y las herra-
mientas a utilizar, así como en PSPVDC light, lo cual implica también una capacita-
ción anterior en el PSP.  

Una vez finalizado el caso piloto light y realizadas las mejoras pertinentes se 
realizará el experimento controlado que compara el PSP con el PSPVDC light. El obje-
tivo de este experimento es conocer y comparar la calidad de los productos y pro-
ductividad que se obtiene al aplicar ambos procesos. Definimos calidad como la 
densidad de defectos encontrados en  la fase de Unit Test (cantidad de defec-
tos/LOCS), y la productividad como la cantidad de líneas de código producidas por 
hora (LOCS/horas). 

El experimento se llevará a cabo como parte de una materia de facultad, donde 
un grupo de estudiantes aplica PSP o PSPVDC light a un conjunto de ejercicios. La 
mitad de los estudiantes aplicará el PSP y la otra mitad el PSPVDC light sobre los 
mismos ejercicios. Los estudiantes deberán ser previamente entrenados en PSP y 
PSPVDC light. Los entrenamientos consisten en capacitar a los estudiantes en el PSP 
y en el PSPVDC light antes de la ejecución del experimento, denominados entrena-
mientos light. La figura 4.1 ilustra cronológicamente la propuesta experimental para 
comparar el PSP y el PSPVDC light. 
 

 

 

 
 

                Figura 4.1: Cronología Piloto-Entrenamientos-Ejecución Experimento Light 

 

El caso piloto full consiste en la aplicación por parte del mismo sujeto que apli-
ca el piloto light a los ejercicios propuestos en el curso de “PSP for engineers 2”. En 
este caso el sujeto deberá ser capacitado con PSPVDC full, las herramientas que 
ayudan a construir la prueba y con técnicas de pruebas de programas (proof verifi-

cation).  
Una vez finalizado el piloto full se realizará un experimento formal PSPVDC full 

que tiene como objetivo comparar la calidad y productividad de PSP y PSPVDC full. El 
experimento PSPVDC full también se llevará cabo como parte de una materia de fa-
cultad, donde un grupo de estudiantes aplica PSP o PSPVDC full a un conjunto de 
ejercicios. La mitad de los estudiantes aplica PSP y la otra mitad PSPVDC full sobre 
los mismos ejercicios. El experimento PSPVDC full se pretende realizar un año des-
pués que el experimento PSPVDC light y con estudiantes diferentes. Los estudiantes 
deberán ser entrenados en PSP y PSPVDC full. Dicho entrenamiento se realiza en los 
denominados entrenamientos full. En la figura 4.2 se ilustra la propuesta full descri-
ta anteriormente. 

 
  

 

 

 
             Figura 4.2: Cronología Piloto-Entrenamientos-Ejecución Experimento Full 
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4.2 Experimentación con PSPVDC light  
 

En esta sección se presentan el caso piloto light y el experimento controlado 
light.  

4.2.1 Caso piloto light 

El piloto light consiste en la aplicación del PSPVDC light previamente al experi-
mento con el objetivo principal de detectar posibles problemas en el uso del proce-
so. Los problemas encontrados se deben corregir antes de ejecutar el experimento 
controlado. Algunos aspectos del PSPVDC light que nos interesa observar durante la 
ejecución de piloto light son la herramienta de soporte al proceso y los ajustes rea-
lizados a los scripts. La herramienta consiste de diversos formularios de registro de 
datos y los scripts son la guía para seguir el proceso; ambos son adaptados para  
PSPVDC light y podrían estar incompletos, ambiguos, etc. Tener conocimiento sobre 
estos aspectos nos permitirá ajustar y mejorar el proceso. Los registros del tiempo 
insumido al aplicar el proceso nos permitirán obtener datos para armar el crono-
grama del experimento controlado. 

El piloto light consiste en la aplicación del PSPVDC light por parte de un sujeto a 
un conjunto de ejercicios. Siguiendo el proceso experimental presentado en el 
Apéndice A, planificamos el piloto light en 4 etapas: definición, planificación, opera-
ción y análisis, tal como se muestra en la figura 4.3. Durante la fase de definición 
se define el problema a resolver, el propósito y los objetivos. Durante la planifica-
ción se selecciona el contexto, se formulan las hipótesis, se seleccionan los sujetos, 
se diseña el experimento y se planifica, de ser necesario, la capacitación a los suje-
tos, construcción de cursos/guías, descripción de procesos, planillas y herramien-
tas. Durante la operación se realizan los entrenamientos necesarios y se ejecuta el 
experimento. En el análisis se examinan los resultados y se realizan los análisis 
estadísticos. Si bien el piloto light no es un experimento controlado utilizamos el 
proceso definido para presentar la propuesta de forma ordenada. 

 
 
 
                     

 

 

                    Figura 4.3: Fases Experimento Controlado 
 

La operación y el análisis de piloto light están fuera del alcance de esta tesis de 
maestría. A continuación se presentan la Definición y la Planificación. 

 

Definición y Planificación 

El piloto light consiste en la aplicación de PSPVDC light por parte de un sujeto a 
los mismos ejercicios propuestos en el curso de “PSP for engineers 1”.  En el con-
texto de la ejecución del experimento por parte del Grupo de Ingeniería de Softwa-
re se propone que el sujeto que participe del Piloto light sea el investigador princi-
pal del PSPVDC. En cualquier otra ejecución o réplica de experimentos el investigador 
deberá ser una persona con conocimientos en PSP y PSPVDC light. 

El motivo de esta selección es porque el investigador es quien conoce la pro-
puesta PSPVDC light y será capaz de detectar más fácilmente posibles problemas o 
inconsistencias en ésta. 

Java y JML [Leavens 06] serán respectivamente los lenguajes de programación 
y de especificación formal que se usarán durante el piloto y durante el experimento. 

PLANIFICACIÓN 
                                        

DEFINICIÓN  OPERACIÓN     ANÁLISIS 
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Esto se debe a que el investigador que ejecutará el piloto conoce ambos lenguajes. 
Además, el lenguaje de programación Java continúa siendo muy utilizado en diver-
sos cursos de grado en nuestra Facultad, lo que nos permitirá experimentar con 
estudiantes con conocimientos en Java.  Para verificar las aserciones especificadas 
en JML se utilizará un compilador de jml a seleccionar. Además para llevar a cabo el 
piloto light se requiere de una capacitación personal previa en el uso de lenguajes, 
herramientas a utilizar y el PSP. Planificamos repasar el PSP, Java y planteamos un 
conjunto de 4 ejercicios prácticos que pueden ser utilizados para la práctica de JML. 

 
· Ejercicio 1: Construir una clase Java que cree un arreglo de 5 posiciones, 

lo cargue con los elementos [1, 2, 4, 5, 6] y despliegue su contenido. 
Especificar formalmente y compilar la especificación formal. 

· Ejercicio 2: Construir una clase Java que cree dos arreglos de 10 posicio-
nes, los cargue con valores de la entrada estándar y despliegue su con-
tenido. Especificar formalmente y compilar la especificación formal. 

· Ejercicio 3: Construir una clase Java que cree dos arreglos de 10 posicio-
nes, los cargue con valores de la entrada estándar, realice el merge de 
los mismos y despliegue el resultado. Especificar formalmente y compilar 
la especificación formal. 

· Ejercicio 4: Construir una clase Java que cree una matriz de 3x3 posicio-
nes, la cargue con elementos de la entrada estándar y despliegue su 
contenido. Especificar formalmente y compilar la especificación formal. 

Conocemos dos herramientas de soporte al proceso PSP que simplifican la reco-
lección de los datos de tiempos y defectos, automatizan diversos cálculos, guardan 
datos históricos y realizan análisis de los datos entre otras cosas: “PSP Student 

Workbook” que  fue creada por el SEI sobre Access y  “Process Dashboard” que es 
Open Source hecha en Java. En este piloto se utilizará la herramienta “PSP Student 

Workbook”; debiendo ser adaptada al PSPVDC light. Esta herramienta fue utilizada 
por el investigador durante el curso de PSP, por lo que ya se conocen sus formula-
rios y forma de utilización. La misma se deberá adaptar para considerar las nuevas 
fases que introduce el PSPVDC light en todos los formularios, cambios en estimación 
y registros de datos. Al finalizar cada ejercicio se deberá realizar una entrega a un 
tutor que revise el trabajo realizado para conocer si quien está ejecutando el piloto 
se ajusta al proceso y para obtener retroalimentación.  El tutor, en lo posible, debe 
ser instructor autorizado del PSP por el SEI y conocer el PSPVDC light. 

Durante la operación (preparación y ejecución) se realizan las actividades pla-
nificadas y posteriormente se aplicará el PSPVDC light a los 4 ejercicios del curso 
“PSP for engineers 1”.  Este curso fue tomado por el investigador a comienzos del 
2011, durante el cual realizó los 4 ejercicios aplicando el PSP.  Pasados al menos 
dos años y medio, consideramos que el utilizar los mismos ejercicios no es una 
amenaza a los objetivos del piloto light ya que el investigador no recuerda los pro-
blemas planteados en los ejercicios, y menos aún la solución implementada.  
Además el foco de este piloto light está puesto en detectar problemas en el uso del 
PSPVDC light y corregirlos y no en la programación o en los datos obtenidos de apli-
car el proceso. 

Durante el análisis se realiza una evaluación de la aplicación realizada y se rea-
lizan los ajustes a la herramienta y al proceso en caso necesario. 

 
Resumiendo, las actividades a realizar durante la operación y análisis de piloto 

light son: 
· Capacitación 
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o Repasar Java 
o Capacitarse en JML 
o Seleccionar y capacitarse en el uso del compilador 
o Realizar utilizando JML los 4 ejercicios mencionados anteriormen-

te para familiarizarse con el uso práctico del JML y sus herramien-
tas 

o Repasar el PSP 
· Adaptar la herramienta “PSP Student Workbook” 
· Aplicar el PSPVDC light a los 4 ejercicios del curso “PSP for engineer 1” 
· Análisis y mejoras al PSPVDC light y al “PSP Student Workbook” 

 
La figura 4.4 ilustra las actividades a realizar durante el piloto light. 
 

                              

  

Figura 4.4: Actividades a realizar durante el piloto light 

 

4.2.2 Un Experimento Controlado: PSP vs PSPVDC light 

En esta sección presentamos la definición y planificación de un experimento 
controlado que busca comparar la calidad de los productos y la productividad que 
se obtiene al aplicar el PSPVDC light y el PSP. Definimos la calidad como la densidad 
de defectos detectados en  UT (Unit Test) y la productividad como la cantidad de 
líneas de código codificadas por hora (LOCS/horas). 

El experimento light respeta el proceso experimental de la figura 4.3. Como ya 
mencionamos en el piloto light, durante la definición de objetivos se define el pro-
blema a resolver, el propósito y los objetivos. En la fase de planificación se selec-
ciona el contexto, se formulan las hipótesis, se seleccionan los sujetos, se diseña el 
experimento y se planifican la capacitación a los sujetos, construcción de cur-
sos/guías, descripción de procesos, planillas y herramientas. Durante la planifica-
ción del experimento light se planifica la preparación de los cursos de métodos for-
males y PSPVDC light; y se planifica el entrenamiento de los sujetos respecto a la 
aplicación de los procesos y al uso de las herramientas necesarias. El entrenamien-
to se divide en dos (denominados entrenamientos A y B light). Son dos entrena-
mientos ya que en A se entrenará a los sujetos en el PSP y en B se entrenará a la 
mitad de los sujetos en métodos formales y PSPVDC light mientras la otra mitad con-
tinúa la práctica en el PSP. En las secciones siguientes se presenta la  definición, 
planificación y los entrenamientos A y B light. 

Por último durante la operación se ejecutan los entrenamientos y demás activi-
dades planificadas y posteriormente se ejecuta el diseño del experimento. En el 
análisis se examinan los resultados con el objetivo de evaluar el proceso. Queda 
por fuera de este trabajo de tesis la operación y análisis de resultados del experi-
mento controlado. Sin embargo, al final del capítulo proponemos el diseño de la 
ejecución que se desea llevar adelante y cómo se pretenden analizar los resultados. 

 
 

Capacitarse Adaptar herramienta Aplicar el PSPVDC light Análisis y mejora 
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Definición y Planificación  
El objetivo del experimento es comparar la calidad de los productos y la pro-

ductividad que se obtiene al aplicar el PSP y el PSPVDC light. El experimento se pre-
tende realizar en el contexto de un curso en la Facultad de Ingeniería de la Univer-
sidad de la República. Es de interés que los sujetos intervinientes sean estudiantes 
de la Carrera de Ingeniería de Software. Esta propuesta estará sujeta a las decisio-
nes del Instituto de Computación en cuanto a las asignaciones de recursos y crea-
ción de materias. 

 
Como es clásico en la ingeniería de software empírica, se presenta el objetivo 

del experimento utilizando el método Goal, Question, Metric (GQM) [Basili 94]: 
Analizar y comparar los datos recolectados en 3 ejercicios de programación 

con  
el propósito de evaluar las mejoras en la calidad de software y la productivi-

dad   
respecto a la densidad de defectos en Unit Test y a la cantidad de Locs des-

arrolladas por hora desde el 
punto de vista de un investigador en el  
contexto de la aplicación de PSP y PSPVDC light en un grupo de entre 10 y 20 

estudiantes. 
El diseño del experimento es de un factor (proceso de desarrollo de software) 

con dos alternativas (PSP y PSPVDC light). La unidad experimental es el conjunto de 
3 ejercicios que se proponen para ejecutar el experimento. Las variables de res-
puesta consideradas son la calidad de los productos y productividad de los proce-
sos. La calidad se define como la densidad de defectos que llegan a UT (cantidad de 
defectos/LOCS) y la productividad como la cantidad de líneas de código codificadas 
por hora (LOCS/horas). 5 

Los sujetos participantes son estudiantes de la carrera Ingeniería en Computa-
ción de la Facultad de Ingeniería. Se buscan estudiantes de similares característi-
cas, avanzados en la carrera, que se encuentren en cuarto o quinto año y que ten-
gan aprobado el curso de Taller de Programación en el cual se aprende Java. Debi-
do al esfuerzo de seguimiento tanto del curso como del experimento un número de 
entre 10 y 20 estudiantes será adecuado.  

Para ejecutar el experimento es necesario capacitar a los sujetos en el PSP, el 
PSPVDC light y el uso de las herramientas de soporte. A la vez, para capacitar a los 
sujetos se requiere el armado de cursos de PSPVDC light y de métodos formales. 
Previo a los entrenamientos A y B light se debe realizar el armado de estos cursos. 
El curso sobre métodos formales, en particular sobre diseño por contrato deberá ser 
introductorio, abarcando conceptos de contratos, pre/pos condiciones, invariantes, 
el lenguaje JML y algunos ejemplos concretos.  Se estima que el curso se dictará en 
clases teórico/prácticas con una duración total de 10 horas. El esfuerzo estimado 
para preparar este curso es de 30 horas. 

El curso de PSPVDC light introducirá gradualmente las prácticas propuestas del 
PSPVDC light durante 4 días y se plantearán 4 ejercicios prácticos; uno por día. Defi-
nimos 3 sub niveles al PSPVDC light  para introducir gradualmente los conceptos a lo 
largo del curso. El subnivel 1 introduce al PSP los conceptos de pseudo code y de 
construcción de casos de prueba, el subnivel 2 agrega al subnivel 1 los conceptos 
de especificación formal y compilación de la especificación formal, por último, el 
subnivel 3 incorpora al subnivel 2 la revisión del pseudo código y revisión de la es-
pecificación formal. 

A continuación se presenta una descripción de los temas a tratar en cada uno 
de los 4 días de curso: 

                                                           
5
 Los conceptos utilizados de Ingeniería de Software Empírica están descritos en el anexo A. 
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Día 1.  Se introducen los conceptos de pseudo code y de construcción de 
casos de pruebas. Se explican cómo y porque estas actividades se realizan en 
fases distintas al PSP y se exponen los scripts correspondientes.  

Día 2. Se introduce el concepto de especificación formal y compilación de la 
especificación formal. Se detallan estas nuevas fases junto con sus scripts. 

Día 3. Se introduce el concepto de las revisiones (ya visto en PSP) y se ex-
plican las nuevas fases de revisión del pseudo código y revisión de la especifica-
ción formal, así como los scripts y check list. En este día se aplica por primera 
vez de forma completa el PSPVDC light. 

Día 4. Se aplica nuevamente el PSPVDC light completo al último ejercicio. 
 
El curso de PSPVDC light se dictará en 4 clases teóricas de 3 horas. El esfuerzo 

estimado en preparar este curso es de 50 horas. 
 
Resumiendo, planificamos para el experimento controlado: 

· El contexto en el que se llevará a cabo 
· La selección de los sujetos 
· El diseño del experimento (1 factor con 2 alternativas) 
· La capacitación a los sujetos 
· La construcción de cursos 

 
Si bien se planifica la construcción de los cursos de PSPVDC light y de métodos 

formales queda pendiente el armado propiamente dicho de estos cursos. Esta acti-
vidad que debe llevarse a cabo dentro de la planificación queda pendiente de reali-
zar. 

 
La figura 4.6 presenta las actividades de la fase de Operación; los Entrena-

mientos A y B light y la ejecución del experimento. La planificación de los entrena-
mientos se describen detalladamente en la sección Entrenamientos A y B light.  
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Figura 4.6: Entrenamientos A y B light – Ejecución Experimento 
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Entrenamientos A y B light 
 

En esta sección se presenta la planificación de los entrenamientos A y B light 
que tienen como objetivo capacitar a un grupo de entre 10 y 20 sujetos en PSP, 
PSPVDC light y métodos formales. Son entrenamientos secuenciales, primero se lle-
vará a cabo el entrenamiento A y una vez que este finaliza se comienza con el en-
trenamiento B. Los sujetos son entrenados para luego formar parte de la ejecución 
del experimento formal. 

Durante el entrenamiento A light se capacita a todos los sujetos con PSP a 
través del dictado de los cursos “PSP for engineer 1” y “PSP for engineer 2”, en los 
cuales se introducen conceptos del PSP de forma gradual y se realizan 8 ejercicios. 
El dictado de estos cursos teórico/prácticos será de forma presencial/remota duran-
te 4 semanas. Se dictarán 8 clases teóricas, dos por semana con una duración de 
aproximadamente 4 horas. Los ejercicios prácticos deberán serán realizados por los 
sujetos de forma individual en sus casas y deberán ser entregados antes de la si-
guiente clase teórica. 

El entrenamiento B light se divide en dos, por un lado se entrena en métodos 
formales y PSPVDC light a la mitad de los sujetos participantes en el entrenamiento 
A, mientras la otra mitad mantiene la práctica con PSP. El motivo de esta decisión 
es que los estudiantes que solo van a aplicar PSP durante la ejecución del experi-
mento no pierdan la práctica mientras los demás aprenden PSPVDC light. 

La mitad de sujetos que es capacitada con métodos formales y PSPVDC light to-
ma los cursos de métodos formales y PSPVDC light. Estos sujetos serán los que apli-
quen PSPVDC light durante la ejecución del experimento.  En la figura 4.6 se ilustra 
esta decisión.  

Durante los cursos de métodos formales y PSPVDC light se introducen los con-
ceptos también de forma gradual realizando 4 ejercicios como se presentó en la 
sección anterior. Proponemos un cronograma similar al anterior, realizando primero 
el curso de métodos formales en 4 clases teóricas presenciales de 2,5 horas y luego 
el curso de PSPVDC light. El curso de PSPVDC light tendrá la parte teórica de forma 
presencial y los 4 ejercicios prácticos de forma remota. Debido a que el curso del 
PSPVDC light aun no fue armado debemos estimar la duración de las clases teóricas. 
Proponemos el dictado teórico en 4 clases, dos por semana con una duración de 3 
horas. Los 4 ejercicios prácticos se realizarán de forma individual por los sujetos en 
sus casas. 

Optamos por realizar los cursos de forma presencial/remota para lograr la can-
tidad estimada de sujetos participantes. Los sujetos son estudiantes que deben 
atender otras materias y posiblemente trabajos fuera del ambiente académico, por 
lo que una carga totalmente presencial puede causar una baja cantidad de partici-
pantes interesados. 

 

Planificación de la Ejecución y el Análisis 
Si bien no se lleva a cabo la ejecución y el análisis del experimento en el con-

texto de esta tesis presentamos proponemos un diseño de ejecución y una pro-
puesta para analizar los resultados obtenidos.  

La operación consiste en la aplicación del  PSP y del PSPVDC light por parte de 
los mismos sujetos participantes de los entrenamientos A y B light a un conjunto de 
3 ejercicios. Los sujetos que durante el entrenamiento se capacitaron sólo con el 
PSP aplicarán el PSP, mientras que los que se capacitaron con el PSP y el PSPVDC 

light aplicarán el PSPVDC light como se muestra en la figura 4.6. 
La ejecución del experimento se llevará a cabo en 3 sesiones de una semana 

de duración cada una. Se plantea la semana de lunes a viernes para que los sujetos 
apliquen el proceso asignado a un ejercicio durante esa semana. La aplicación del 
PSP y el PSPVDC light por parte de cada sujeto se realiza a distancia. El lunes de ca-
da semana se enviará a los sujetos por correo electrónico el ejercicio correspon-
diente a dicha semana. Durante la semana los sujetos aplican el proceso asignado 
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sobre el ejercicio y a más tardar el viernes deberán hacer su entrega. Las entregas 
serán corregidas por el investigador durante sábado y domingo. En caso de encon-
trar problemas con la aplicación del proceso, se explican los problemas detectados 
al sujeto para que realice las correcciones y vuelva a entregar. La figura 4.7 ilustra 
las 3 sesiones correspondientes a la ejecución. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

                                        Figura 4.7: Sesiones fase ejecución experimento controlado 

 
 

En lo que respecta a la interpretación de los datos proponemos aplicar inicial-
mente estadística descriptiva, es decir, la media y la mediana para medir la ten-
dencia de los datos,  la desviación estándar como medida de dispersión y el rango 
intercuartil. Este análisis nos va a permitir conocer el comportamiento de los datos, 
como se agrupan o dispersan con respecto a un valor central. 

 A posterior planificamos realizar pruebas de hipótesis para comparar la calidad 
y la productividad. Para poder aplicar test paramétricos se requiere que las mues-
tras se aproximen a una distribución normal, y para realizar pruebas de normalidad 
se debe contar con una cantidad mínima de observaciones. En el caso de nuestro 
experimento tendremos como máximo 10 observaciones para cada alternativa (10 
PSP y 10 PSPVDC light) por lo cual es preferible utilizar métodos no paramétricos. 

Definimos la calidad (C) como la densidad de defectos detectados en la fase de 
UT y la productividad como la cantidad de líneas de código codificadas en una hora 
(LOCS/hora). Se utilizará el test no paramétrico de Mann-Whitney. Para el caso de 
la calidad la hipótesis nula indica que las medianas de calidad de ambos procesos 
son iguales, la hipótesis alternativa correspondiente indica que son distintas: 

 
H0: µ C (PSP) = µ C (PSPVDC light) 
H1: µ C (PSP) <> µ C (PSPVDC light) 
 
Para la productividad (P) la hipótesis nula indica que las medianas de producti-

vidad de ambos procesos son iguales, la hipótesis alternativa correspondiente indi-
ca que son distintas: 

 
H0: µ P (PSP) = µ P (PSPVDC light) 
H1: µ P (PSP) <> µ P (PSPVDC light)  
 
Los resultados de estos análisis nos van a permitir sacar conclusiones acerca de 

qué proceso resulta ser más productivo y cuál permite desarrollar productos de una 
mejora calidad. 

 

 

  

 
- Lunes a viernes 

- Aplican PSP/PSPVDC light 

- 1 ejercicio 

 - sábado y domingo 

- corrección investigador 

Sesión 1 Sesión 2 Sesión 3 
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4.3 Experimentación con PSPVDC full  
 

En esta sección se presentan el caso piloto full y el experimento controlado full.  
Estos estudios son muy similares al caso piloto light y experimento light, por lo que 
nos centraremos en describir las actividades nuevas.  

4.3.1 Caso piloto full 

El caso piloto full consiste en la aplicación de PSPVDC full por parte del mismo 
investigador que aplica el piloto light a los ejercicios propuestos en el curso de “PSP 

for engineers 2”. El objetivo del piloto full es detectar posibles problemas en el  uso 
de PSPVDC full, que incorpora la fase de Proof  con respecto al PSPVDC light; por lo 
que nos interesa evaluar dicha fase y si las herramientas propuestas son adecua-
das. La intención es detectar problemas y corregirlos previamente a realizar el ex-
perimento controlado full. 

El piloto full sigue de igual forma que el piloto light el proceso experimental que 
consiste de las fases de definición de objetivos, planificación, operación y análisis. 
La operación y el análisis están fuera del alcance de esta tesis de maestría. A conti-
nuación se describe la definición y planificación. 

 

Definición y Planificación 
En el piloto full se mantienen el lenguaje de programación Java y el de especifi-

cación formal JML utilizados durante el piloto light. 
Para el registro de los datos durante la operación de piloto full utilizaremos la 

herramienta “PSP Student Workbook” utilizada en piloto light. Dicha herramienta 
deberá ser adaptada para incorporar la fase de proof a sus formularios, estimacio-
nes y métricas.  

El piloto full requiere de una capacitación personal previa en técnicas de prue-
bas de programas (proof verification) y además se deberá seleccionar la/las herra-
mientas a utilizar para ayudar a realizar la prueba. Como parte de este trabajo de 
tesis se realizó una búsqueda para tener un panorama de las herramientas disponi-
bles. Se encontraron algunas herramientas obsoletas, en desuso, y otras que de-
berán de ser evaluadas en profundidad para su utilización. La herramienta que se 
seleccione, luego de un proceso de evaluación de las herramientas encontradas, 
será utilizada durante el piloto full y el experimento full como soporte a la construc-
ción de la prueba de programas.   

Presentamos a continuación las herramientas obtenidas de la búsqueda realiza-
da: 

· TACO (Translation of Annotated COde) es una herramienta desarrollada por 
el Relational Formal Methods Research Group del Departamento de Compu-
tación de la Facultad de Ciencias Exactas y Naturales de la Universidad de 
Buenos Aires para realizar la verificación formal de programas Java respecto 
a su especificación en lenguaje JML [Galeotti 10]. 

 
· JmlForge es una herramienta desarrollada por el Instituto de Tecnología de 

Massachusetts (MIT) que es capaz de realizar la verificación estática de 
código Java respecto a su especificación en lenguaje JML. Realiza análisis 
modular (es decir, en los llamados a métodos utiliza la especificación del 
método llamado) y utiliza la técnica de Ejecución Simbólica para traducir un 
programa Java anotado con JML a una formula lógica [Dennis 09]. 
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· Krakatoa, una herramienta de verificación estática basada en la plataforma 

de verificación Why y utilizando el asistente de evidencia Coq [Marche 04]. 
 

· Jack (Java Applet Correctness Kit) es una herramienta que proporciona un 
entorno para la verificación de programas Java con anotaciones JML, gene-
rando las obligaciones de prueba usando diferentes theorem provers [Barthe 
07].  

 
· Jahob es un verificador de programas escritos en un subconjunto de Java. 

Usando Jahob, los desarrolladores pueden probar estáticamente que los 
métodos cumplen sus contratos en todas las ejecuciones posibles [Kuncak 
07]. 
 

· ESC/JAVA2 es una herramienta que intenta verificar parcialmente JML me-
diante el análisis estático del código del programa y sus anotaciones forma-
les en tiempo de compilación. Examina el programa anotado y advierte de 
contradicciones entre las decisiones de diseño registrado en las anotaciones 
y el código actual, y también advierte de posibles errores de ejecución en el 
código. Utiliza un demostrador de teoremas automático para razonar sobre 
la semántica de los programas, lo que permite dar avisos estáticos de mu-
chos errores que se detectan en tiempo de ejecución (referencia nula, lími-
tes de la matriz, errores de casteo de tipos, etc.) [Cok 04] 
 

4.3.2 Un Experimento Controlado: PSP vs PSPVDC full 

En esta sección presentamos la definición y planificación de un experimento 
controlado que busca comparar la calidad de los productos y la productividad que 
se obtiene al aplicar PSPVDC full y PSP.  

 
El experimento full consiste en la aplicación de PSP y PSPVDC full por parte de 

un conjunto de sujetos en el mismo contexto que el experimento light (Facultad de 
Ingeniería). Siguiendo el proceso experimental anteriormente descrito, es necesario 
planificar el armado de dos cursos; uno que introduzca los conceptos de técnicas de 
prueba de programas y el curso de PSPVDC full.  

Además se planifica el entrenamiento a los sujetos en el uso de dichas técnicas 
de prueba de programas, las herramientas de soporte a la prueba de programas y 
el PSPVDC full. El entrenamiento es análogo al presentado en el experimento light. 
Durante el Entrenamiento A  full a los sujetos aprenden el PSP y durante el Entre-
namiento B full se entrena a la mitad de los sujetos en técnicas de pruebas de pro-
gramas y en el PSPVDC full y la otra mitad continua la práctica en el PSP. La figura 
4.8 presenta las actividades de la fase de Operación; los Entrenamientos A y B full 
y la ejecución del experimento.  

 
El diseño de la operación y como se pretenden analizar los resultados obtenidos 

son análogos a los presentados en el experimento light. Presentamos a continua-
ción la definición y planificación del experimento full. 
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Figura 4.8: Sesiones fase ejecución experimento controlado full 

 
 

Definición y Planificación  
El objetivo del experimento es comparar la calidad de los productos y la pro-

ductividad que se obtiene al aplicar PSP y PSPVDC full.  El diseño del experimento, la 
unidad experimental y las variables de respuesta son análogas a las del experimen-
to light, cambiando el PSPVDC light por PSPVDC full. El experimento se realiza en el 
contexto de una materia en facultad de Ingeniería, donde los estudiantes partici-
pantes son distintos a los participantes del experimento light.  

 
Se planifica el armado de dos cursos; Técnicas de pruebas de programas y 

PSPVDC full. El curso de técnicas de pruebas de programas deberá ser introductorio 
y se estima que su carga no supere las 20 horas de dictado. 

El curso de PSPVDC full es una extensión del curso de PSPVDC light. Durante el 
curso PSPVDC full se presentan de forma gradual las fases del PSPVDC light y por 
último la nueva fase de Proof incorporada en el PSPVDC full. 

Se define un subnivel más en el PSPVDC full, nivel 4 que introduce los conceptos 
de técnicas de prueba de programas y la nueva fase de Proof.  

El curso se dictará en 5 días, donde en los primeros 3 días se lleva a cabo el 
dictado teórico y los ejercicios prácticos propuestos en los primeros 3 días del curso 
de PSPVDC light. El 4to día del curso PSPVDC light consiste en aplicar el proceso PSPVDC 

light completo, sin embargo, el 4to día del curso PSPVDC full se destinará a presentar 
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la nueva fase de Proof, la herramienta a utilizar para ayudar a generar la prueba y 
a realizar un ejercicio. El día 5 se aplicará el PSPVDC full completo en un quinto ejer-
cicio de programación. 

Se detalla a continuación una propuesta de temas y fases a introducir en cada 
uno de los 5 días de curso: 

Día 1.  Se introducen los conceptos de pseudo code y de construcción de 
casos de pruebas. Se explican cómo y por qué estas actividades se realizan en 
nuevas fases y se exponen los scripts correspondientes.  

Día 2. Se introduce el concepto de especificación formal y compilación de la 
especificación formal. Se detallan estas nuevas fases junto con sus scripts. 

Día 3. Se introduce el concepto de las revisiones (ya visto en PSP) y se ex-
plican las nuevas fases de revisión del pseudo código y revisión de la especifica-
ción formal, así como los scripts y check list. 

Día 4. Se introducen los conceptos de técnicas de pruebas de programas, la 
nueva fase de proof y la herramienta que servirá de ayuda a generar la prueba. 

Día 5. Se aplica el PSPVDC full completo al último ejercicio sin agregados. 
 
El curso de PSPVDC full se planifica dictar durante 5 clases teóricas de 3 horas y 

además se deberán armar 5 ejercicios prácticos. Estimamos  60 horas para prepa-
rar dicho curso. 

 

4.4 Conclusiones 
 

La experimentación es una técnica formal, rigurosa y limitada por el costo en 
tiempo y en recursos. Una buena planificación evita que los experimentos puedan 
quedar invalidados, atrasando la investigación por meses e incluso años.   

En este capítulo se presenta la planificación de dos experimentos controlados 
con el objetivo de comparar la calidad y productividad de PSP, PSPVDC light y PSPVDC 
full. El experimento light compara PSP y PSPVDC light y el experimento full compra 
PSP y PSPVDC full. Ambos experimentos se llevarán a cabo en el contexto de Facul-
tad de Ingeniería con la participación de estudiantes.  

Definimos y planificamos ambos experimentos. Se establecen los objetivos, los 
diseños experimentales, los test de hipótesis,  se planifica el armado de los cursos y 
los entrenamientos a los sujetos. Además, se propone el plan de la ejecución que 
se desea llevar adelante y cómo se pretenden analizar los resultados. También se 
planifican dos pilotos para detectar posibles problemas en el uso de las herramien-
tas y los procesos. El plan también identifica tareas pendientes, como por ejemplo, 
adaptaciones a las herramientas, creación de cursos a ser dictados antes del expe-
rimento, etc. 

Esta planificación en detalle permitirá ejecutar los experimentos de forma con-
trolada, evitando malgastar los recursos asignados y evitando encontrarse con pro-
blemas inesperados durante la ejecución de los mismos. 
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Capítulo 5. 

Conclusiones y Trabajo a Futuro 
 
Este capítulo incluye las conclusiones (Sección 5.1) y el trabajo a futuro (Sec-

ción 5.2) de la Tesis. 
 

5.1 Conclusiones 
  

Al ser el desarrollo de software una actividad creativa e intelectual realizada 
por seres humanos es común que durante un proyecto el equipo de desarrollo co-
meta errores. Esto se debe tanto a la complejidad actual del software como a la 
propia naturaleza humana. Normalmente estos errores terminan en defectos en el 
producto de software y cuando el software se está ejecutando estos pueden causar 
fallos. 

La búsqueda de formas de desarrollar software con bajo número de defectos ha 
dado lugar al desarrollo de un variado número de procesos y métodos. El cometido 
de dichos procesos es construir software de calidad, en el plazo estipulado y dentro 
de los costos previstos.  

El  Personal Software Process (PSP) aplica disciplina de proceso y gestión cuan-
titativa al trabajo individual del ingeniero de software. Promueve la utilización de 
prácticas específicas durante todas las etapas del desarrollo con el objetivo de me-
jorar la calidad del producto y aumentar la productividad del individuo [Humphrey 
05, Humphrey 06].  

Por otro lado, los métodos formales son un conjunto de técnicas para especifi-
car, desarrollar y verificar sistemas software mediante el uso del lenguaje matemá-
tico formalizado.  Consisten en especificar formalmente y luego demostrar matemá-
ticamente que los programas producidos cumplen con dichas especificaciones. El 
diseño por contrato (DbC) es una técnica para el diseño de los componentes de un 
sistema de software, mediante el establecimiento de las condiciones (pre y post 
condiciones) en un lenguaje formal. Cuando las técnicas y herramientas incorpora-
das permiten realizar la demostración de la concordancia de cada pieza de software 
con su especificación estamos en presencia de un método formal generalmente lla-
mado diseño por contrato verificado (VDbC). 

La tesis consta de tres resultados principales: el PSPVDC que adapta al PSP para 
incorporar VDbC, la definición de dos experimentos controlados para comparar el 
PSPVDC con el PSP y una revisión sistemática de la literatura relacionada con este 
trabajo. 

En esta tesis se investigó de qué forma se puede integrar el VDbC al PSP con el 
objetivo de que se puedan desarrollar productos de mejor calidad (que los desarro-
llados usando el PSP) manteniendo (o mejorando) la productividad. Para integrar y 
aprovechar las bondades de ambos enfoques construimos un proceso de desarrollo 
de software, llamado PSPVDC.  

El PSPVDC es una adaptación al PSP que mantiene la disciplina y la instrumenta-
ción del PSP y permite al desarrollador utilizar el enfoque VDbC. Las adaptaciones 
centrales que realizamos son las siguientes: 

· Se incorporan nuevas fases y se adaptan fases ya existentes 
o formal specification (fase nueva) 
o formal specification review (fase nueva) 
o formal specification compile (fase nueva) 
o test case construct (fase nueva) 
o pseudo code (fase nueva) 
o pseudo code review(fase nueva) 
o proof (fase nueva) 
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o design (fase adaptada) 
 

· Se construyen los scripts que sirven de guía para realizar las activi-
dades de las fases mencionadas 

o Se adapta el Process Script,  
o Se adapta el Development Script 
o Se construye el Specification Review Script  

 
· Se construyen los templates necesarios para el uso del PSPVDC 

o Se construye el Formal Specification Review Checklist Tem-

plate 
o Se construye el Formal Specification Standard Template 

 
· Se adaptan algunas medidas de control y calidad del PSPVDC y se pro-

ponen nuevas. 
o Yield (process) (adaptado) 
o Defect removal efficiency (FSR) (adaptado) 
o Defect removal efficiency (FSC) (adaptado) 
o Defect removal efficiency (FCR) (adaptado) 
o Defect removal efficiency (FRF) (adaptado) 
o DRL (FSR /UT) (Nuevo indicador) 
o DRL (PCR /UT) (Nuevo indicador) 
o DRL (FSC/UT) (Nuevo indicador) 
o DRL (PRF/UT) (Nuevo indicador) 
o Appraisal Cost of Quality (adaptado) 
o Percent Failure COQ (adaptado) 

 
Como resultado de esta tesis se especificó completamente el PSPVDC de forma 

que pueda ser utilizado por un ingeniero de software. En el PSPVDC se agregan va-
rias fases para dar soporte al VDbC. El objetivo es que el uso de este nuevo proce-
so logre productos de mejor calidad que los desarrollados con el PSP manteniendo 
los costos controlados.  

Con el propósito de conocer los resultados de aplicar el PSPVDC presentamos la 
definición, la planificación y el diseño de dos experimentos controlados.  Se esta-
blecieron los objetivos, los diseños experimentales, los test de hipótesis, se plani-
ficó el armado de los cursos y los entrenamientos a los sujetos. Todos estos aspec-
tos son fundamentales para poder llevar adelante una correcta experimentación. 

Las hipótesis de ambos experimentos consisten en comparar la calidad y la 
productividad de los procesos. Los sujetos que utilizarán los procesos son estudian-
tes de grado de la Facultad de Ingeniería. Además, se presenta el plan de la ejecu-
ción que se desea llevar adelante y cómo se pretenden analizar los resultados. 
También se planifican dos estudios pilotos para detectar posibles problemas en el 
uso de las herramientas y los procesos previo a llevar adelante los experimentos. 

Se definieron dos niveles para el PSPVDC denominados PSPVDC light y PSPVDC full. 
El PSPVDC light no utiliza la demostración formal de programas mientras que el 
PSPVDC full sí.  

Los experimentos son denominados experimento light y experimento full. Du-
rante el experimento light un grupo de estudiantes aplican el PSPVDC light y el PSP a 
un conjunto de ejercicios; mientras que en el experimento full otro grupo de estu-
diantes aplican el PSPVDC full y el PSP a los mismos ejercicios del light. El diseño de 
ambos experimentos es de un factor (proceso de desarrollo de software) con dos 
alternativas; PSP y PSPVDC light en el experimento light y PSP y PSPVDC full en el 
experimento full.  

Los resultados de los experimentos nos permitirán concluir acerca de la calidad 
y productividad del PSPVDC respecto al PSP. Contar con una planificación en detalle 
nos permitirá ejecutar los experimentos de forma controlada, evitando malgastar 
los recursos asignados y evitando encontrar problemas inesperados durante la eje-
cución de los mismos. Además, los experimentos nos permitirán conocer si el agre-
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gar la fase de proof al experimento full provoca mejoras respecto al experimento 
light. 

También presentamos una revisión sistemática de la literatura que resume la 
información existente sobre adaptaciones realizadas al PSP y particularmente aque-
llas que incorporan métodos formales. Se encontraron 5 trabajos que adaptan el 
PSP, 3 de ellos adaptan el PSP para usar métodos formales, otro adapta el PSP para 
usar programación por pares y el último para usar técnicas de desarrollo de softwa-
re dirigido por modelos.  

Las propuestas encontradas son distintas en la forma en que realizan la adap-
tación. Dos de las tres propuestas que incorporan métodos formales agregan nue-
vas fases al proceso para dar soporte a las actividades incorporadas, sin embargo, 
la restante opta por mantener la estructura de fases del PSP e incorporar nuevas 
actividades a las fases ya existentes.  

El PSPVDC incorpora nuevas fases y modifica fases existentes al PSP. El PSPVDC, 
a diferencia de las otras propuestas, se compone de una mayor cantidad de fases. 
Las tres propuestas que incorporan métodos formales proponen 6, 8 y 12 fases, 
mientras que en PSPVDC definimos 15 fases. Optamos por tener más fases de forma 
de poder obtener una mayor granularidad en los datos recolectados (esfuerzo, de-
fectos inyectados y removidos por fase, entre otros).  

 En PSPVDC agregamos algunas fases que si bien no están directamente relacio-
nadas con VDbC podrían ayudarnos a mejorar el proceso en base a los resultados 
de los experimentos. Específicamente, la fase test case construct se propone como 
una nueva fase (independiente del diseño) con el objetivo de conocer el costo em-
pleado en la generación de los casos de prueba. Los resultados de los experimentos 
podrían mostrar que la inclusión de VDbC reduce significativamente los defectos  
que llegan a UT, con lo cual podríamos pensar en eliminar las fases de test case 
construct y Unit Test del PSPVDC.  

Contar con las adaptaciones realizadas al PSP que incorporan métodos formales 
y el PSPVDC totalmente definido brinda conocimiento acerca de las formas posibles 
de combinar el enfoque de PSP y los métodos formales. La planificación y diseño de 
los experimentos controlados permiten ejecutar de forma controlada los experimen-
tos y comprobar o refutar la mejora en la calidad de los productos de software al 
aplicar PSPVDC. 
 

5.2 Trabajo a Futuro 
 

Parte del trabajo de esta tesis consistió en definir y planificar los casos pilotos y 
experimentos controlados para comparar el PSPVDC con el PSP. Nuestro trabajo a 
futuro es llevar a cabo el armado de los cursos necesarios y adaptar la herramienta 
de soporte al proceso. Luego, pretendemos ejecutar los experimentos, realizar los 
análisis de datos correspondientes y reportar los resultados.    

Además, a partir de la construcción de PSPVDC y sus dos niveles PSPVDC light y 
PSPVDC full surgen varias líneas de trabajo sobre las cuales continuar investigando. 
Los resultados de los experimentos light y full permitirán conocer si la aplicación de 
PSPVDC light y PSPVDC full aumentan la calidad de los productos respecto a la aplica-
ción del PSP. En caso que así sea, es de interés comparar las propuestas PSPVDC 

light y PSPVDC full entre sí con el objetivo de conocer la propuesta que logra la me-
jor calidad de los productos y si se logra mantener o mejorar la productividad.  

El trabajo de esta tesis se lleva a cabo en el contexto del PSP, por lo que una 
línea interesante es investigar si es posible el uso del PSPVDC en el contexto del Te-
am Software Process [Humphrey 06]. Conocer si se requiere adaptar el TSP o no 
para poder usar el PSPVDC en el contexto de un equipo utilizando el TSP. 

Por último es importante aclarar que la adaptación propuesta es sólo una de las posibles 
pero no la única. Otra línea de investigación es analizar otras posibles adaptaciones al PSP in-
corporando métodos formales, compararlas y analizar si se logran mejores resultados. 
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ANEXO A 
 

En este anexo se presenta el reporte técnico del PEDECIBA 13-01. Se presen-
tan conceptos teóricos básicos de la Ingeniería de Software Empírica, así como 
también técnicas y herramientas de experimentación y de estudio de casos.  

 

 

 

 

 

 

 

 

 



83 

 



84 

 



85 

 



86 

 



87 

 



88 

 



89 

 



90 

 



91 

 



92 

 



93 

 



94 

 



95 

 



96 

 



97 

 



98 

 



99 

 



100 

 



101 

 



102 

 



103 

 



104 

 



105 

 



106 

 



107 

 



108 

 



109 

 



110 

 



111 

 



112 

 



113 

 



114 

 



115 

 



116 

 



117 

 



118 

 



119 

 



120 

 



121 

 



122 

 



123 

 



124 

 



125 

 

 



126 

 

ANEXO B 
 
En este anexo se presenta el artículo enviado a la revista Milveinticuatro. 

 
Pruebas Unitarias en Java 

Diseño por Contratos 
 

Silvana Moreno  Grupo de Ingeniería de Software, UdelaR 
Diego Vallespir   Grupo de Ingeniería de Software, UdelaR 
Álvaro Tasistro   ORT Uruguay 
 

En artículos anteriores de esta serie hemos presentado generalidades de las 
pruebas unitarias para luego enfocarnos principalmente en el cubrimiento de códi-
go. Este artículo cambia su foco hacia el Diseño por Contrato y cómo este, al ser 
ejecutable, se puede utilizar como parte de las pruebas unitarias. Presentamos de 
forma muy resumida qué es el Diseño por Contratos y el JML, para luego, a modo 
de ejemplo, especificar el contrato del método merge (método que utilizamos en los 
artículos anteriores). 
 

Diseño por contratos 

 
El Diseño por Contratos da una visión de la construcción de sistemas como un 

conjunto de elementos de software cooperando entre sí. Los elementos juegan en 
determinados momentos alguno de los dos roles principales: proveedores o clien-
tes. El cliente es quién se  beneficia utilizando el elemento y el proveedor es quién 
origina resultados al elemento. 

La cooperación entre proveedor y cliente se puede especificar mediante un con-
trato que establece obligaciones y beneficios. El contrato establece que se cum-
plirán ciertas condiciones de entrada (precondiciones), y que se deberán garantizar 
ciertas condiciones de salida (poscondiciones).  

La novedad del Diseño por Contrato es que hace que los contratos sean ejecu-
tables. Los contratos son definidos en el código del programa en un determinado 
lenguaje, y se traducen a código ejecutable por el compilador. Por lo tanto, cual-
quier violación del contrato que se produce mientras se ejecuta el programa puede 
ser detectada inmediatamente. 

Los contratos de software se especifican mediante la utilización de expresiones 
lógicas denominadas aserciones. Existen diferentes tipos de aserciones, entre ellas 
se encuentran las precondiciones y las poscondiciones. Este artículo presentará este 
tipo de aserción. 

Una precondición establece lo que espera recibir el proveedor. Visto de otro 
modo, define las condiciones que debe garantizar el cliente al momento de pedirle 
al proveedor cierto servicio. En lo que refiere a los contratos en la orientación a 
objetos las precondiciones normalmente se definen a nivel de los métodos de las 
clases.  

Una poscondición da como garantías al cliente ciertas propiedades que se cum-
plen después de la llamada al método. En definitiva, especifica lo que se cumple 
luego de que se ejecuta el método. Visto desde el lado del proveedor, la poscondi-
ción es lo que éste debe asegurar que se cumpla, siempre y cuando el cliente haya 
respetado la precondición al momento de invocar el servicio. 

 

Java Modeling Language 
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Existen varios lenguajes que permiten especificar formalmente contratos de 
software. Uno de ellos es JML, sinónimo de "Java Modeling Language". Se trata de 
un lenguaje desarrollado para especificar y verificar clases de Java. 

Añadir especificaciones JML a un programa ayuda a comprender qué función 
debe realizar un método o una clase. También ayuda a encontrar defectos en los 
programas, puesto que se puede comprobar si un método cumple con su especifi-
cación cada vez que se ejecuta.  

Existen herramientas que permiten compilar la especificación formal para cier-
tos lenguajes de especificación. Para el JML existe el compilador JMLC, este es una 
extensión de un compilador Java y compila los programas Java con especificaciones 
JML. En el código generado se agregan instrucciones ejecutables que chequean en 
tiempo de ejecución si los métodos cumplen con sus especificaciones. En caso de 
que una especificación no se cumpla, se interrumpe la ejecución del programa y se 
notifica qué especificación no se cumple. Esto permite detectar defectos y por ende 
se puede utilizar como una forma de probar el programa durante el desarrollo de 
software. 

El JML dispone de dos cláusulas específicas para indicar las precondiciones y las 
poscondiciones de un método: requires y ensures. Estas cláusulas deben ir situa-
das justo antes de la declaración del método.  

Además, el JML añade un conjunto de operadores que hace más cómodo en 
muchos casos construir aserciones complejas. Entre estos operadores se incluyen 
los cuantificadores más comunes (\forall, \exists, \sum, \product, \max, \min, etc) 
que hacen del JML un lenguaje similar al lenguaje de predicados de lógica.  

También el JML define dos seudovariables que pueden ser utilizadas en las pos-
condiciones de los métodos; \result: valor devuelto por el método y \old(E): valor 
de la expresión E al comenzar la ejecución del método. 

 

Un ejemplo sencillo 

 
Como ejemplo utilizamos el método merge que fue presentado en los artículos 

anteriores de esta serie. Dicho método recibe como parámetros dos arreglos de 
enteros ordenados de menor a mayor. El método retorna otro arreglo con esos 
elementos ordenados de menor a mayor. Además, los arreglos de entrada no deben 
de ser alterados, es decir, sus valores se mantienen incambiados al salir del méto-
do. 

La firma del método es la siguiente: 
 

public int[] getMerge(int[] a, int[] b) 
 
 Al invocar al método se deben pasar dos arreglos ordenados de menor a 

mayor, lo que nos indica una precondición que se debe cumplir. Para cumplir con 
dicha precondición es necesario que para todos los elementos del arreglo se cumpla 
que el elemento que está en la posición i del arreglo sea menor o igual al elemento 
que se encuentra en la posición i+1. 

Una forma de especificar formalmente dicha precondición se muestra en las si-
guientes dos aserciones. 

/*@ requires (\forall int i; i >= 0 && i < a.length-1; a[i] <= a[i+1]); @*/ 
/*@ requires (\forall int j; j >= 0 && j < b.length-1; b[j] <= b[j+1]); @*/ 
 
El cuantificador \forall sirve para recorrer el arreglo desde una posición y en 

determinado rango, haciendo cumplir determinada condición. En este caso se reco-
rren los arreglos y chequea que para todos elementos el valor de a[i] sea menor o  
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igual al de a[i+1]. La forma de leer la precondición es “Para todo i entre cero (in-
clusive) y el largo del array menos 1 (sin incluir este) se cumple que a[i] es menor 
o igual a a[i+1]”. 

La anterior precondición puede especificarse también utilizando el operador 
AND y un único requires obteniendo el mismo significado. El hecho de utilizar varios 
requires significa que todas las aserciones deben cumplirse, con lo cual la concate-
nación de requires utiliza el AND de forma implícita. 

Al terminar de ejecutarse el método se debe cumplir que los arreglos de entra-
da no fueron alterados. Esto se especifica como una poscondición y una forma de 
especificarlo es utilizando la pseudovariable \old(e). 

Se plantea recorrer los arreglos de entrada y verificar que para todos sus ele-
mentos el valor en cada posición después de llamar al método es igual al que tenia 
previo al llamado (a[i] = = \old(a[i])). 

 
/*@ ensures (\forall int i; i >= 0 && i <= a.length-1; a[i] == \old(a[i])); @*/ 
/*@ ensures (\forall int j; j >= 0 && j <= b.length-1; b[j] == \old(b[j])); @*/ 

 
Hasta aquí hemos tenido en cuenta las precondiciones y poscondiciones para 

los arreglos de entrada al método. Veamos ahora las condiciones que se deben 
cumplir en lo que respecta al arreglo esperado como resultado del método. 

Como se mencionó anteriormente el arreglo devuelto debe contener de forma 
ordenada los mismos elementos que los arreglos pasados por parámetro. 

Para referenciar al arreglo resultado se utiliza la pseudovariable \result y se re-
corre el mismo, como ya vimos anteriormente, para verificar el orden de los ele-
mentos de menor a mayor. 

    
/*@ ensures (\forall int k; k >= 0 && k < \result.length-1; \result[k] <=  

\result[k+1]); @*/ 
 
A continuación presentamos una especificación informal para que el arreglo de-

vuelto contenga los mismos elementos de los arreglos pasados por parámetro y no 
otros: 

· El largo del arreglo resultado debe ser igual a la suma del largo de los 
arreglos a y b. 

· Además, tanto los elementos del arreglo a como los del b deben estar 
en el arreglo resultado. 

· Además, todos los elementos del arreglo resultado se encuentran o en el 
arreglo a o en el b. 

Especificamos formalmente que el largo del arreglo resultado es igual a la suma 
del largo del arreglo a y el b de la siguiente forma: 

/*@ ensures \result.length == (a.length + b.length); @*/ 
 
Para que todos los elementos del arreglo a se encuentren en el arreglo resulta-

do especificamos: 
/*@ ensures (\forall int m; m >= 0 && m <= a.length-1; (\exists int n; n >= 0 

&& n <= \result.length-1; a[m] == \result[n])); @*/  
   
 
Esta especificación se lee de la siguiente manera “Para todo m entre cero (in-

clusive) y el largo del arreglo a menos 1 (inclusive) se cumple que existe un núme-
ro n entre cero (inclusive) y el largo del arreglo resultado menos 1 (inclusive) tal 
que el elemento en la posición m del arreglo a es igual al elemento en la posición n 
del resultado.” Se puede simplificar la lectura diciendo “Cualquier elemento del  



129 

 

arreglo a se encuentra en alguna posición del arreglo resultado.” La especificación 
de esta poscondición para el arreglo b es espejo a la especificación para a. 

Nos resta especificar que todos los elementos del arreglo resultado se encuen-
tren en el arreglo a o en el arreglo b. Es decir, el arreglo resultado no tiene ele-
mentos “extraños”. 

/*@ ensures (\forall int i; i >= 0 && i <= \result.length-1; (\exists int n; n >= 
0 && n <= a.length-1; a[n] == \result[i]) or (\exists int m; m >= 0 && m <= 
b.length-1; b[m] == \result[i])); @*/  

  
En este artículo hemos presentado el Diseño por Contrato y la especificación de 

un ejemplo sencillo utilizando el JML. La especificación de contratos ejecutables 
permite introducir pruebas en el propio código y son muy efectivas para encontrar 
defectos durante el desarrollo de software. Sin embargo, como se desprende de 
este ejemplo, las especificaciones formales no son sencillas y tienen, como cual-
quier actividad, un costo asociado. Como con cualquier otra técnica se debe estu-
diar el costo-beneficio previamente a aplicarla. 

Por último, les comentamos que la especificación que presentamos en el ejem-
plo no es correcta. Hasta el próximo artículo de esta serie les dejamos como entre-
tenimiento revisar la especificación para encontrar el/los problemas. 
 

 

 


