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Foreword

It is a sincere pleasure to welcome you all to the first Swedish Conference on Software
Engineering Research and Practise in Ronneby, Sweden. The purpose with SERP’01 is to
establish an informal networking conference. Although this copy of the proceedings is the
tangible memento you bring home from this conference, we are confident that you will also
make new acquaintances and get new ideas for exiting studies or cooperation.

Organizing a conference, even a small one like SERP’01, takes time, effort and dedication.
First, I would like to express my appreciation to the Program Committee, that performed their
tasks in time with excellent quality. Further, I thank all the Authors that submitted papers to
this conference for having confidence in us. The programme also comprises research group
presentations, thesis presentations, and a panel. The Presenters and panelists have our
gratitude for contributing to the varied programme.

A very important contribution to this conference is that of our sponsors; Vinnova and the KK-
foundation. Their sponsoring helped in making the SERP’01 conference an attractive and
pleasant event.

Professor Claes Wohlin, General Chair, and Madeleine Pettersson, Conference Secretary, have
contributed their experience and valuable time. Without them there would be no conference.

There are many long term Software Engineering research efforts started or starting in Sweden.
At BTH we have been granted a six years profile project in software engineering, only to
mention one. It is clear that many have committed to the software engineering research field
for some time and the foundation for a software engineering research community should be
sufficient. It is our vision that SERP may serve this community as an annual informal meeting
place for Swedish software engineering researchers and practitioners.

PerOlof Bengtsson
SERP’01 Program Chair
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Abstract

This paper presents a study with the intent to examine
the opportunities provided by creating and using simula-
tion models of software development processes. A model of
one software development project was created through
means of system dynamics, with data collected from docu-
ments, interviews and observations. The model was simu-
lated in a commercial simulation tool. The simulation runs
indicate that increasing the effort spent on the require-
ments phase, to a certain extent, will decrease the lead-
time and increase the quality in similar projects. The simu-
lation model visualizes relations in the software process,
and can be used by project managers when planning future
projects. The study indicates that this type of simulation is
a feasible way of modelling the process dynamically
although the study calls for further investigations as to how
project or process managers can benefit the most from
using system dynamics simulations.

1. Introduction

This study was performed in cooperation with Ericsson
Mobile Communications AB and is based on a develop-
ment project carried out in 1999.

As a step in the constantly ongoing work with quality
improvements at Ericsson this study was made to show if
simulation can be used for visualizing how different factors
affect the lead-time and product quality, i.e. number of
faults. One of the most important factors that affect the
lead-time of the projects and the product quality is the allo-
cation of human resources to the different process phases.
Thus, the focus of this simulation study is on resource allo-
cation.

Simulation is commonly used in many research fields,
such as engineering, social science and economics. That is,

simulation is a general research methodology that may be
applied in many different areas. Software process model-
ling and improvement is, of course, no exception and simu-
lation has started to gain interest also in this area. For
example, in [4] a high-maturity organization is simulated
with system dynamics models, and in [6] a requirements
management process is simulated with a discrete event
simulation model. In [8] an overview of simulation
approaches is given.

There are several advantages of building and simulating
models of software processes. By simulation new knowl-
edge can be gained that can help to improve current proc-
esses. Simulation can also be used for training and to
enforce motivation for changes.

The objectives of the study that is presented here are to
investigate if it is possible to develop a simulation model
that can be used to visualize the behaviour of selected parts
of a software process, and to evaluate the usefulness of this
type of models in this area.

The outline of the paper is as follows: In Section 2 the
method used in this study is described. Section 3 describes
the execution of the simulation study. Section 4 presents
the results of the simulation and Section 5 discusses and
summarizes the results of the study.

2. Method

This project was designed as a case study. Case studies
are most suitable when data is collected for a specific pur-
pose and when a subgoal of the study is establishing rela-
tionships between different attributes. A main activity in
case studies is observational efforts.

With support from existing results in literature [3, 16],
the research approach was created in three consecutive
steps: problem definition, simulation planning and simula-
tion operation. This methodology is based on the process
chain concept, but due to lack of enough available, reliable
1
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data, the process in practice went into an interactive pat-
tern.

In the first phase, problem definition, the problem was
mapped. Then through deeper definition and delimitation,
an agreement was created around the study’s purpose.

The main part in the second phase of the study, simula-
tion planning, was to identify factors influencing the prod-
uct quality. The assigner of this study wished to test the
idea of using simulation models and this was governing in
the details of the study. This was natural as most of the
ideas to the quality factors were picked up from the organi-
zation’s project, through interviewing the project staff and
through documents. To add a broader perspective, results
and ideas were taken from software literature. Influence
diagrams were built including the different quality factors’
relation to each other, but primary their effects on lead-time
and product quality.

The third phase, operating the simulation model, started
with translating a small part of the theoretical model into
the simulation tool. A short test showed that the simulation
tool worked properly. More features were added from the
theoretical model into the simulation tool and more test
runs were performed. The verification and validation of the
model was made stepwise through the input of the whole
model into the simulation tool, and the yardstick to com-
pare with was given by documents and discussions with the
assigner.

3. Developing the simulation model

In the simulation domain there are two main strategies:
continuous and discrete modelling. The continuous simula-
tion technique is based on system dynamics [1], and is
mostly used to model the project environment. This is use-
ful when controlling systems containing dynamic variables
that change over time.

The continuous model represents the interactions
between key project factors as a set of differential equa-
tions, where time is increased step by step. In the standard

system dynamics tools, these interconnected differential
equations are built up graphically. A system of intercon-
nected tanks filled with fluid is used as a metaphor.
Between these tanks or levels there are pipes or flows
through which the variables under study are transported.
The flows are limited by valves that can be controlled by
virtually any other variable in the model. Both this mecha-
nism and the level-and-flow mechanism can be used to cre-
ate feedback loops. This layout makes it possible to study
continuous changes in process variables such as productiv-
ity and quality over the course of one or several projects. It
is however more problematic to model discrete events such
as deadlines and milestones within a project [9, 10].

In the discrete model, time advances when a discrete
event occurs. Discrete event modelling is for example pre-
ferred when modelling queuing networks. In its simplest
form, one queue receives time-stamped events. The event
with the lowest time-stamp is selected for execution, and
that time-stamp indicates the current system time. When an
event occurs an associated action will take place, which
most often will involve placing a new event in the queue.
Since time always is advanced to the next event, it is diffi-
cult to integrate continually changing variables. This might
result in instability in any continuous feedback
loops [9, 10].

To suit the purpose of this study, which is to visualize
process mechanisms, continuous modelling was used. The
continuous model was chosen in order to include systems
thinking [13] and because it is better than the discrete event
model at showing qualitative relationships.

3.1. Problem definition

The study is based on a process that is similar to the
waterfall model [14]. The whole process is shown in
Figure 1, but the simulation model was focused on the
requirements phase and the test phase. The other phases,
with broken lines in Figure 1, were excluded to get a less
complex model. The requirements phase includes the pre-
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study phase and the feasibility study phase. The test phase
involves the unit, system and acceptance tests. All these
types of tests are included, since the data available did not
separate between test types and they overlapped in terms of
time.

3.2. Simulation planning

This step included identifying factors that affect the
quality of the developed software and the lead-time of the
project. This was made through interviews with project
staff and based on information in literature [5, 7]. Among
the factors discovered during interviews, only those con-
sidered relevant to software development processes were
selected. The identified factors are listed in Table 1.

Discussions with concerned personnel pointed out the
most important factors in respect to both quality and lead-
time. The factors considered to affect quality and lead-time

the most were chosen to be included in the influence dia-
grams, see Figure 2.

Influence diagrams [12] for the requirements and the
test phase were built to show how the chosen factors affect
the lead-time and the software quality. Each factor’s impor-
tance for each phase was considered together with the rela-
tionships between the factors. The influence diagram for
the requirements phase is shown in Figure 2. The factors in
the influence diagram are further explained below.

• Amount of functionality is the estimated software
functionality to be developed.

• Amount of new market requirements is a measure of
the change in market expectations.

• Amount of requirements changes is a measure of the
changes made in the requirements specifications.

• Amount of review involves reviewing requirements
specifications.

• Amount of rework is the effort spent on reworking
both new and inadequate requirements.

• Communication complexity is an effect in large
project groups where an increasing number of partici-
pants increases the number of communication paths.

• Level of inadequate requirements is a measure of the
requirements specification quality.

• Level of personnel experience is a measure of knowl-
edge of the current domain.

• Level of schedule pressure is the effect of the project
falling behind the time schedule.

• Number of personnel is the number of persons work-
ing with requirements specifications in the project.

• Productivity is a measure of produced specifications
per hour and person.

• Time in requirements phase is the lead-time required
to produce the requirements specifications in this
project.

It is beyond the scope for this paper to present all details
of the simulation model. In this paper the simulation model
and related models, such as influence diagrams, are pre-
sented in some detail for the requirements phase. The
requirements phase is by its nature more intuitive and easy
to understand than the test phase. For a presentation of
details of the complete simulation model with all related
models refer to [2]. For example, the influence diagram for
the test phase is presented in [2] and not here.

At the same time as the influence diagrams were con-
structed, causal-loop diagrams were built to get a basic
understanding of the feedback concepts. Causal-loop dia-
grams are often used in system dynamics to illustrate cause
and effect relationships [1]. When examining these rela-
tionships isolated, they are usually very easy to understand.

Table 1. Factors that affect quality and lead-time

Number of personnel in the project

Level of personnel education

Level of personnel experience

Level of personnel salary

Level of personnel turnover

Communication complexity

Geographical separation of the project

Software and hardware resources

Environment, e.g. temperature, light, ergonomics

Amount of overtime and workload

Level of schedule pressure

Level of budget pressure

Amount of new market requirements

Amount of requirements changes

Level of inadequate requirements

Amount of review

Amount of rework

Level of structure in the project organization

Standards that will be adhered to e.g. ISO and IEEE

Amount of software functionality

Testing and correcting environment and tools

Productivity

Amount of program documentation

Level of reusable artefacts, e.g. code and documentation
3
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However, when they are combined into long chains of
cause and effect, they can become complex. The causal-
loop diagrams increase the understanding of these complex
relations. Figure 3 illustrates how the schedule pressure
affects the time spent in the requirements phase. An
increased schedule pressure increases the error generation,
due to a higher stress level. A high error density increases
the amount of necessary rework and thereby increases the
time in the requirements phase, which in turn increases the
schedule pressure. At the same time, high schedule pres-
sure increases the productivity because of its motivational

role. Increased productivity decreases the time spent in the
requirements phase, which in turn decreases the schedule
pressure.

Information about the relationships between the factors
in the causal-loop diagram is shown by adding an “O” or
an “S” to the arrows. An “O” implies a change in the oppo-
site direction, while an “S” implies a change in the same
direction.

3.3. Simulation operation

The simulation model was built based on the knowledge
gained from creating influence diagrams and causal-loop
diagrams. The idea behind the model of the requirements
phase is based on a flow of tasks, from customer require-
ments to finished specifications. In the requirements phase
there is a transformation from uncompleted to completed
tasks by the production of specifications. A fraction of the
specifications are not acceptable and needs to be taken care
of in the rework loop, see Figure 4.

The test phase in the model is based on the same idea as
the requirements phase and is built in a similar way. A flow
of test cases is performed, a certain percentage of the func-

Figure 2. Influence diagram for the requirements phase
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Figure 3. Causal-loop diagram
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tionality has to be corrected and retested, and the rest is
supposed to be acceptable.

This basic model was built in the Powersim simulation
tool [11] and further developed with help from the factors
in the influence diagrams. Factors from the influence dia-
grams were added to the model in order to affect the levels
and flows. The causal-loop diagrams were also considered
during the development, to ensure that the model was
adapted to systems thinking.

To avoid getting a too complex model, all of the factors
in the influence diagrams were not included in the simula-
tion model. Some factors were included indirectly in the
parameters in the model. These can be extracted from the
parameters and are thereby possible to affect from the user
interface, for example the communication complexity
which is included in the productivity. The construction was
made step by step, by adding a few factors at a time and
then running the simulation. The values of the parameters
were taken from project documentation except one that
was taken from [7], Amount of new market requirements.
This parameter was not available in project documentation
but the value from [7] is an average from several software
projects and was considered to be valid also for this
project. Some values were estimated by iteration and veri-
fied by discussions with concerned personnel at the organi-
zation. The verification of the simulation model was made
through checking that the amount of code that is used as an
input to the model is the same as the output amount of
code. The verification also included comparing the time in
the simulation to the time according to the project docu-
mentation to ensure that the estimations were correct.

The final model for the requirements phase is seen in
Appendix A. The flows in Figure 4 is the base of the final
model, which is then further developed. To get a measure
of the quality of the specifications, another flow was
included, which counts the inadequate specifications. This
measure affects the amount of defect code that is produced
in the design and implementation phases which in turn
affects the test phase. The design and implementation

phases are in the simulation model modelled as a delay. A
second flow is added to the basic model to terminate this
phase and start the following phases.

The rest of the additions to the basic model can be
described in four groups, where each group originates from
the influence diagram.
• The first group, Lines of code and Functionality,

describes the functionality of the code to be devel-
oped. This group controls the inflow to the phase.

• The second group is Percentage, Effort and Duration.
The Percentage allocates a percentage of the planned
total effort to the requirements phase and is controlled
from the user interface. This makes it possible to
study how the amount of resources in the require-
ments phase affects the lead-time and quality.

• The third group, Productivity and Duration, controls
the completion rate of the specifications. The Dura-
tion also affects the amount of inadequate specifica-
tions because of the schedule pressure that might
increase during the project’s duration.

• The fourth group, Amount of rework and Functional-
ity, decides how much of the specifications that needs
to be reworked after the reviews.

Note that some factors are part of more than one group.
This is because some factors affect more that one other fac-
tor.

4. Results from the simulation

The final model was simulated to show how a relocation
of resources to the different process phases affects the qual-
ity of the software products and the lead-time of the
project. This model included both the requirements phase
and the test phase. The model was run several times with
different values of the percentage of the planned project
effort, spent on the requirements phase. The results are
given in precise figures but since there are a number of
uncertainties they should be broadly interpreted. For exam-
ple, the results are uncertain because of the difficulty in
measuring the values of the included factors. It is the ten-

Figure 4. Basic model of the requirements phase

Symbol description

Flow controlled by a
valve

Level that is emptied and
filled by the flows

Limitless destination or
origin
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dencies in the results that are important and not the exact
figures.

The simulation runs indicate that the effort spent on the
requirements phase has a noticeable effect on the lead-time
of the project. The decrease in days, when increasing the
effort in the requirements phase, arises from the increased
specification accuracy. A more accurate specification facil-
itates the implementation and decreases the error genera-
tion and will result in a higher product quality from the
start. This decreases the amount of necessary correction
work and thereby shortens the time spent in the test phase.
At a certain point the total lead-time will start to increase
again because the time in the test phase stops decreasing
while the time in the requirements phase continues to
increase. The time in the test phase stops decreasing
because there is always a certain amount of functionality
that needs to be tested at a predetermined productivity. The
number of days in Figure 5 is the total lead-time for the
whole project.

In the same manner, the quality increases when increas-
ing the effort in the requirements phase to a certain extent.
The simulation runs indicate that the quality optimum
appears in the same area as the lead-time optimum. The
increase in quality originates from a higher specification
accuracy, which is explained above. However, if too much
effort is spent in the requirements phase, the quality will
start to decrease again because there is less effort left for
design, implementation and test tasks.

As a step in the verification of the results, they were
compared to results in the software literature [7, 15]. This
literature points at the same magnitude of effort in the
requirements phase for a successful project as the simula-
tion results.

To summarize, the simulations indicate that there is an
optimum for both the quality and the lead-time. If the effort
in the requirements phase is lower than the optimal value,
increasing it towards the optimum will result in increased
quality of the developed software and decreased lead-time.

5. Discussion

One result of this study is a simulation model that visu-
alizes different relations in a software development proc-
ess. A simulation of this kind can contribute to enhancing
the systems thinking in an organization. Thereby it is easier
for the members of the organization to understand the rela-
tionships between the quality factors in the process.

The results from this kind of simulation shall not be
interpreted precisely since there, of course, are a number of
uncertainties. It is the tendencies and the behaviour in the
results that are important and by changing the parameters
in the model it is possible to get a picture of how the proc-
ess mechanisms interact. This is a simplified model of the
reality and therefore there are a number of sources of
uncertainty. The included factors might not be the ones that
affect the model the most, the assumed relations between
the factors might not be correct and the values of the fac-
tors can be incorrectly estimated. However, the results, that
there is an optimum for the effort that is spent in the
requirements phase, can be intuitively expected for many
projects in software organizations.

A simulation of this kind can also be used to increase
the motivation of the organization to work with quality
issues and to increase the product quality early in the
project.

One part of the knowledge gained from simulations is
received in the model building process. The procedure to
build the model forces the participants to communicate
their mental models and to create a common image of the
organization’s direction.

To summarize, it seems to be feasible to build and use
this kind of model for this kind of process. There are, how-
ever, a number of uncertainties which are important to take
into account when the results are interpreted. The impres-
sion after developing and getting feedback on the model is
that it is uncertain whether most knowledge is gained by
developing the model or using it. This is one of a number
of issues that need to be further investigated in the area of
software process simulation. The models could either be
used, for example by a project manager, by only changing
the parameters, or they could be used by changing also the
structure of the model, for example by adding or deleting
factors and adding or deleting relationships between fac-
tors. It may be that users of the models need to understand
the internal structure of the model and not only the inter-
face to it. This would limit the choice of modelling tech-
niques, and it would for example mean that models with an
internal design, that is not easy to understand for the users
of the models, would not be suitable in all cases.

Figure 5. Simulation results for the total lead-time
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Abstract

Establishing a baseline of the current situation is an
important starting point for software process improvement
as well as for empirical research in software engineering.
In practice, however, practical problems hinder the
baselining process. This paper presents a case study to
illustrate such problems. The case study aims at investi-
gating the current status of the verification and validation
process of a larger software development company. It is
concluded that the quantitative data available is not suffi-
cient for quantitative research, but qualitative issues are
better covered through interviews. Finally, proposals are
raised which could improve the situation on a longer term.

1 Introduction

Software process improvement has been in focus during
the last decade for software development companies to get
and stay competitive in their product development and
service providing. Various methods for improvement have
been developed, for example the IDEAL model [6] and
the QIP model [2]. Most models have in common that an
initial activity in the improvement process is some kind of
an assessment or baselining of the current status of the
organization to be improved. The assessment can take the
form of, for example, a CMM assessment [6] or a baseline
using the Goal/Question/Metric (GQM) method [1,10].

Empirical research within the domain of software en-
gineering also takes a baseline as a starting point. This is
particularly true for engineering type of research [5], which
takes the current status of the research object as a starting
point and base improvement suggestions on that baseline.
The baseline can be established in a specific environment,
which then is the research object. Alternatively, a broader
survey can be performed, aiming at covering a domain or
at least a set of different companies.

Establishing this type of baselines is easier said than
done. Performing qualitative research [9], using for exam-
ple surveys or interviews is one possible way of establish-
ing such a baseline. However, this requires access to staff
in different roles within the organization. Quantitative re-

search [9], on the other hand, requires data to be collected
on past projects in order to baseline the current situation.
This data is seldom available in the format or granularity
required for a useful baseline, if available at all.

This paper presents a case study conducted in a large
Swedish company that aims at establishing a baseline of its
verification and validation processes. The case study illus-
trates problems that may be encountered when trying to es-
tablish a baseline for research purposes. Finally, it is ana-
lysed what actually can be useful as a baseline for research,
and what can be conducted on a longer term to improve the
situation.

2 Case study

This section presents a case study performed at Swedish
software developing company. The study is performed
with a Goal/Question/Metric (GQM) approach [1]. The
case study was conducted in June and July 2000. Parts of
the case study have been presented in [8] as an illustration
to an extended GQM method, the V-GQM (Validating
Goal/Question/Metric). 

The reason for performing the case study was to estab-
lish a baseline for a research co-operation between the
academia and company in the case study. 

2.1 Goal

The goal of the case study is defined in a format suggested
in [10]. 

Analyze the verification and validation pro-
cess
for the purpose of characterization
with respect to effectiveness
from the viewpoint of developers, testers 
and researchers
in the context of one specific project

The goal takes a broad perspective, as a baseline of the
current practice is the goal of the study. To fulfil the goal
of characterizing the effectiveness, a quantitative approach
is desired. However, qualitative aspects are also consid-
ered, but are not the focus in the goal.
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2.2 Questions

The questions are divided into three categories: Process
conformance, Process domain understanding and Qual-
ity focus. The questions were derived through brain-
storming jointly with researchers and company repre-
sentatives. The questions are summarized in table 1.

2.3 Data collection

In general, data can either be quantitative or qualitative
[9]. Quantitative data implies that a measurement of an
object can be attained on some scale [4]. For example,
number of defects or time spent. Qualitative data cannot
be measured on a scale. Feelings and opinions are exam-
ples on qualitative data. Question 12 and 13 in table 1
are examples on questions where the answer is of quali-
tative nature, and question 14 and 19 are quantitative
examples. There is also a different set of questions in
table 1, namely descriptive. Examples on descriptive
questions are question 1 and 8.

The data collection has taken three different forms:
� Interviews - Several of the questions are of a subjec-

tive or individual nature. These questions are
answered through interviews. The interviews were
conducted during one day by one the authors. Eight
persons were interviewed, varying from developers
to testers and managers. Certain data is of a descrip-
tive, unambiguous nature. These are extracted from
the interviews. For example, how is the company
organized?

� Reporting systems - Data concerning time consump-
tion and defect distribution are collected through
quantitative measures from existing reporting facili-
ties, e.g. the number of defects in a specific part of
the software.

� Experience - By observing at the work place, certain
aspects of the procedures are documented. As the ter-
minology and background differs between the com-
pany personnel and the researcher, this method is
used to observe aspects in a direct way rather than by
indirect methods such as interviews or equivalent.

The interviews are mostly qualitative, but not pure-
ly. Some quantifiable data as well as some descriptive
data is also obtained in the interviews. The data gathered
from the reporting systems is mostly quantitative. Infor-
mation from, for example, defect reports might generate
some qualitative data. The data from the direct observa-
tions is purely qualitative. 

It should be noted that all collected information is
treated anonymously. 

3 Presentation and analysis of data

This section presents the baseline derived in the study.
The presentation is divided into three parts: 
� Organization and personnel (section 3.1) - Organiza-

tion and Personnel characterizes the organization of
the company and the background and training of the
personnel. 

� Process and metrics (section 3.2) - The analysis on
the process metrics describes the current practice,
concerning the development process in general and
the V&V process specifically. 

� Document management and use (section 3.3) - In this
last part, the document use is elaborated on. 

The analysis of the collected data is found in
section 3.4.

3.1 Organization and personnel

3.1.1 Project and departments. T h e  c o m p a n y  i s
organized in a matrix organization. There are six depart-
ments, five development departments and one product
department. The projects are usually large, involving
virtually all development personnel. Several sub
projects are usually defined and run in parallel. In total,
about 100 persons are involved in the development
projects.

The projects generally run for around one year. It is
not uncommon that the projects are more than 100% late
compared to the initial plans. These findings are not an-
swered by the questions as such but were discovered in
the interviews as a result of the qualitative nature of the
interviews.

3.1.2 Training and experience. Most people working
in the development organization have a master�s degree
or equivalent, though not always in computer science or
corresponding areas. None of the interviewed persons
reported that they had any formal training in verification
and validation. 

The level of education degree varied more among
the people involved in testing. Except for the managers
in the V&V department, the test personnel usually do not
have any experience with development of the tool devel-
oped by the company. The tests performed by the verifi-
cation and validation department focus on user interface
issues. As these kinds of tests are suppose to be similar to
actual use, too much experience with developing the tool
being tested is usually ill advised. 

3.2 Process and metrics

3.2.1 Process. The development process used is basi-
cally a waterfall model. The model defines deliverables
at different stages in the process. The development is
divided into several smaller projects, working in parallel
with the product. However, all the groups still are bound
to the overall milestones, as they are in common for all
sub projects. 

Each sub project defines several activities. An activ-
ity might be to implement a new communication proto-
col or to port the graphical user interface to a new plat-
form. An activity can vary in size from one developer
doing several activities during the development, to sev-
eral developers working on the same activity. Each activ-
ity is developed more or less independently of the other
activities. If there are dependencies between activities,
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then scheduling takes place to prevent some activity
from having to wait for someone else to finish.

The process is mainly a management process. Over-
all milestones are defined as well as deliverables. How-
ever, little support is given to the individual developer or
tester in their day-to-day work. 

3.2.2 Time reporting. The time reporting is virtually
non-existent. It is impossible to derive which effort is
spent on the different activities. This is largely due to
major organizational changes that took place about a
year before the case study. As a result a new reporting
system that was considered too clumsy to handle by the
personnel was introduced. This lead to that time report-
ing in practice was not done.

3.2.3 Defect reporting. The procedures for reporting
defects include logs from reviews and tests as well as a
defect reporting system for individual defects. The latter
is only used late in the development process. The project
management determines the exact point in time when
formal defect reporting is introduced. 

Basically, when enough of the sub projects have
been implemented and delivered to the V&V depart-

ment, formal defect reporting is introduced. Formal de-
fect reporting in this context means that all defects must
be reported through the defect report system. It should be
noted that the report system can be used before it is re-
quired. Some defects, for example from customer sup-
port and the V&V department, are reported formally
even before it is required.

A problem with the defect reports is lack of infor-
mation and granularity. The reports are often incomplete
and lack information that can be used quantitatively.
Traceability is present to persons handling the report, but
not to the developed system. Also, no forms of character-
ization of the defects are used, for example severity or
type. 

3.2.4 Other process issues. Maintenance work is done
in parallel with new development. Defects are reported
continuously on both older and newly developed parts
of the system, not just by developers and testers but also
from support and customers. 

No configuration management plan [7] exists. Basi-
cally, only one branch exists per project. A daily build
strategy is used.

Table 1. Question definition

Process definition Quality focus
Process Conformance Process Domain Understanding

1. Which test methods are used by the
developers and testers?

2. Which inspection methods are
used? Which documents are
inspected?

3. Which group of people are respon-
sible for producing the following
test specifications:

� Unit test cases
� Integration test cases
� System test cases
� Acceptance test cases
4. Which group of people are respon-

sible for performing the following
activities:

� Document reviews
� Unit test
� Integration test
� System test
� Acceptance test
5. Which design methods are used?
6. What is the relationship between

the following documents:
� Requirements 
� Design 
� Test cases
7. What kind of CASE tools are used,

if any?
8. How is the company organized?

9. How well do the testers and
developers understand the
requirements?

10.How well do the testers and
developers understand the
overall function?

11.How much experience do the
testers and developers have
with the product? Within the
domain?

12.How is the general atmos-
phere towards changes and
improvements to the develop-
ment and testing process?

13.What is the quality of the
requirements?

14.How much time is spent in each
phase by the different people
involved in the project?

15.What is the lead-time of the
development phases?

16.How does the distribution of
faults look like over the different
phases?

17.How many failures (defects still
in the product) is observed in the
delivered product?

18.How is the internal delivery
quality perceived? 

19.How many people are involved
in the following activities:

� Requirement specification
� Development
� Testing

One person might very well be 
involved in several activities

20.When are the different docu-
ments produced?
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3.3 Document use

The development process is artefact driven [3]. This
means that the process phases and activities are centred
on the documents (artefacts) developed. The following
documents are defined:
� Market Requirement Specification, MRS
� Product Requirement Specification, PRS
� Functional Specification, FS
� Unit Test Specification, UTS 
� Integration Test Specification, ITS 
� System Test Specification, STS 
� Acceptance Test Specification, ATS 

Figure 1 depicts the dependencies between the doc-
uments. 

The MRS and PRS are produced by the market de-
partment and the project management jointly. From the
PRS, sub projects and activities are defined and the de-
velopment is continued in the different sub projects. The
FS and UTS are produced by the development depart-
ments. Some ITS are produced by the development de-
partments, some of the V&V department. ITS does not
contain traditional integration testing. Rather, the ITS is
various tests, determined by test managers and senior de-
velopers.

For each activity in each sub project, one FS and
one UTS should be written. Hence, there exist several in-
stances of these documents. There also exists several in-
stances of the ITS, but these are not dependent on a cer-
tain activity or sub project. Final tests, the STS and ATS
are performed by the test department and an acceptance
test department respectively. Design documents are
largely missing. 

The dashed lines in figure 1 depict which depart-
ment that produces which documents and the relation-
ship among the documents. 

3.3.1 Specification. In the first phase, the documents
MRS and PRS are produced. This is done by market
people and key personnel from the development organi-
zation. The MRS specifically but also the PRS are gen-
erally considered to be too abstract and ambiguous to
use as they are. Each project therefore has to interpret
these documents and make their own compromises. The

MRS and PRS, interpreted by developers, are the basis
for the FS. Verification and validation is not done with
the help of the MRS or the PRS. Little or no traceability
exists between the test documents and the MRS and the
PRS. 

3.3.2 Development. Based on the PRS, smaller sub
projects are defined. For each project, several FS are
written, for each identified activity. When the imple-
mentation is done, functional tests are defined and per-
formed. The steps are: Write FS, implement the func-
tion, define and perform unit tests (UTS). This is the
way the work is done in practice most of the time.
According to the development process, the UTS is sup-
posed to be written before or at least in parallel to the
development, but this is often not done. Also, the work
on the implementation and the functional specification
(FS) does not always follow the steps mentioned above.
Instead the work is performed in parallel or iterative
manner, even though FS is supposed to be written in
advance.

The FS and UTS have to be approved through a re-
view before the subsequent step is initiated. 

Even though the process is well-defined and base-
lines are clear, they are not always followed. It is mainly
the distinction between implementation and test that
tends to be less strict. 

The steps in the process are well-defined, but the en-
try and exit criteria are not. Due to the fact that little or
no training is received on how to write a functional re-
quirements specification or what a test specification
should look like, the quality of these document vary.
Even though the FS and UTS are reviewed, they depend
largely on senior developers to find flaws rather than a
clear methodology or criteria for approval. Also, the in-
structions about the content of the FS and UTS are poor,
adding to the varied character and quality.

From interviews it is also clear that the purpose and
content of the FS and UTS is ambiguous. Often, design
issues are found in the functional specifications, even
though management generally agrees that it should be
more of a requirements document. 

3.3.3 Integration tests. The integration test specifica-
tion is written by the developers or senior personnel, and

MRS PRS

FS UTS
STS

ATS
FS

FS

UTS

UTS

Market + Development Verification and 

Fig. 1. Documents and dependencies

Management Department

ITS
ITS

ITS

validation department
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occasionally by staff from the V&V department. The
purpose is to �test various things�. The identification of
which tests to perform is done by senior developers and
test personnel. The areas that have had a lot of defects in
previous releases are used to identify test cases for the
coming release. Again, a clear purpose and criteria on
content is lacking. The tests defined in the ITS range
from low-level structural (white-box) testing to high-
level user-centred (black-box) testing. The ITS are
reviewed as all other documents. 

It is not uncommon that the ITS tests the same
things as the UTS. This is motivated by that the issues
that are tested more than once is known trouble areas or
new functionality that should be more thoroughly tested.
However, the traceability between the different test spec-
ifications is poor and which leads to the exact same test
sometimes being performed more than once. 

3.3.4 Verification and validation. After the system
has passed all ITS, the product goes through an internal
release to the V&V department for system test (STS).
They perform various tests, purely from a user perspec-
tive, with tests ranging from simple interactions tests to
big configuration stress tests. 

No means of statistical testing or quality measure-
ments are used. Rather, based on experience of key test
personnel, decisions are made on courses of action. The
test cases are defined fairly abstract, as they are intended
to be real user situations rather than detailed instructions.
The tests are logged and all defects are reported using
formal defect reporting.

The tests are of sampling type. That is, the system is
tested only partly. Again, the test is based on experience
of key personnel, not historic data or usage profile etc.
The main difference from ITS is that only interface as-
pects are considered, never details in the implementation. 

At no stage in the verification and validation proc-
ess are any specific tools used or any form of automatic
testing. 

3.4 Analysis

Two major problems are identified: Lack of detailed
process description and unclear document management. 

A lot of information on the system that is being de-
veloped is not documented. Also, development proce-
dures are implicit and not clearly defined. Tests are gen-
erally ad hoc and somewhat undirected. Little or no
distinction is made between specification and design.
These issues indicate that there are problems with the
process in general. As many other software developing
companies one of the problems here is that the personnel
often lack a formal training in software engineering in
general and verification and validation in particular. Spe-
cific problems relate to the overall waterfall model,
which is more a management process rather than a devel-
opment process. It is abstract and high-level and does not
go into details on the development. As a result, the prac-
tice varies a lot among the developers and testers and ex-
periences are difficult to capture.

The other issue of document management manifests
itself by a varying content and quality of the document,
as well as a lot of re-work of the same information at sev-
eral places. Many developers and even testers reported
that, for example, the functional specifications (FS) are
not very useful and the information that was supposed to
be in the documents is found elsewhere. The inconsisten-
cies among documents are large and the level of tracea-
bility is low, which also indicate problems. Documents
are generally written in natural language and without any
tool support for creating or maintaining quality and de-
pendencies among the documents. 

It is difficult to make any statement about the effi-
ciency of reviews and tests. The time recording does not
contain sufficient details. It is also difficult to relate to
the lead-time as a lot of tests are performed informally
and parallel to development of code or defect removal.
Added to this is the fact that a lot of maintenance work is
done in parallel with new development, confusing the
picture even more.

As the amount of quantitative data is very low, no
conclusions can be drawn from it. It is clear, however,
that there is a need to improve the data collection, both
from a researchers perspective as well as from the com-
pany�s perspective. 

4 Experiences from the case study

The baselining conducted in the case study was aimed at
constituting a starting point for a research project. The
intention was to characterize the organization quantita-
tively, as much as possible to enable continued quantita-
tive research. As presented above, most of the informa-
tion collected was of qualitative character. Some data
collection procedures existed, but they were not fol-
lowed strictly enough for the research purposes. Neither
were they designed with the research questions in mind.
Instead, most information was collected through inter-
views. 

4.1 Analysis of the data collection

As stated in the goals, the purpose of the case study is to
characterize the verification and validation process as a
basis for research co-operation. However, very little
quantitative data could be collected. The time reporting
is to a large extent not performed. Neither information
on lead-time nor person-hours is available. As a result,
any change introduced to reduce lead-time or person-
hours won�t be measurable. 

Some data is possible to attain from the existing re-
porting systems regarding defects. However, the granu-
larity is coarse. Also, the lack of time information, as
mentioned, make the analysis of the defect reporting
weak. Some analysis of effectiveness, however, is possi-
ble. The number of defects and on a coarse level where
in the developed system the defects are found is availa-
ble. However, efficiency questions cannot be answered. 

As a result, mostly qualitative data could be collect-
ed. This information is valuable and provides a good in-
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sight into the processes at the company. However, meas-
uring the impact of changes is not possible solely based
on qualitative data. Also, the lack of quantitative data has
implications on monitoring and control of the develop-
ment work. For example, from the case study it is discov-
ered that the knowledge that a deadline will not be meet
is attained very late. With more quantitative data this can,
in some cases, be avoided.

It should be noted that much of the qualitative infor-
mation collected is very useful. However, collecting
qualitative data is costly, as this is typically done through
interviews or questionnaires. If more quantitative data is
available less time can be spent on collecting qualitative
data. Hence, this implies that the baseline as such was
more costly than needed, without attaining more infor-
mation. 

4.2 Consequences of the data collection

The problems with the data collection implies two con-
sequences for the study. Firstly, the baseline is not quan-
titative enough to base quantitative research upon. Sec-
ondly, the baseline study took more time from the
organization as people had to be available for inter-
views.

There is not a lot of research done in the area of
baselining. Much research is done in the area of measure-
ment programs in general, but not on the baseline process
as such. For future research within software engineering,
these issues can be addressed in two ways. Either, the
facts have to be accepted and the research has to turn
more qualitative, or the industry practice on data collec-
tion has to change. Probably, the solution is a mixture of
the two.

Qualitative research is sometimes considered being
of less value than quantitative research in the engineering
community. This discussion is not fruitful. Instead, qual-
itative and quantitative research should be seen as com-
plementary. Qualitative studies should be utilised for
broader, more general research questions, while quanti-
tative studies should be used for more specific studies.
By having this balanced view on research methods, a bet-
ter understanding and research progress can be achieved
within the software engineering domain.

Concerning the data collection in industry, there is
a need for improvements. Not that the data collection as
such is important for the companies, but they ought to
use the measurements to enable management make deci-
sions based on quantitative information. On financial is-
sues, it would never be accepted to make decisions with-
out quantitative data, while in project and product
management, decisions are taken with very little support
from quantitative data.

If this improvement takes place in industry, the ba-
sis for conducting empirical research will improve sub-
stantiatally. Researchers will always want more meas-
urements, and also more specific ones, than industry.
With an interest within the organization for the measure-
ments, there will also be a bigger acceptance for meas-
urement programs in larger. A greater interest from in-
dustry of measurement programs is also likely to pave

the way for more research co-operations with academia,
as the mutual benefit would increase.

5 Summary

Establishing a baseline is and important starting step in
an improvement program as well as in a research pro-
gram. Without knowing the characteristics of the start-
ing point, you will never know if a change is an
improvement, or just is a change. This paper reports a
case study aiming at establishing a baseline for a
research program. 

The company in the case study uses a waterfall
model for the development. The personnel has a varying
experience with software development, but generally
there is a low formal training level in software engineer-
ing, especially verification and validation. It is not un-
common that the development projects take more than
100% more lead-time than estimated. The quality of the
delivered product is considered to be too low by the com-
pany. The internal quality of documents is generally con-
sidered to be low and the varying type of content (for ex-
ample requirements or design information) depending on
who is the author. 

It is concluded that the existing measurement pro-
gram is not sufficient to answer the questions raised,
which where of quantitative nature. In the baseline, qual-
itative issues where investigated as well. 

It is the authors experience that these problems with
an inferior measurement program are by no means exclu-
sive for the company in this case study. These problems
exist at several companies. Establishing a baseline as the
basis for research co-operations with companies and as a
base for improvement work is difficult and often not
done. As the software engineering fields matures, both
research wise as well as the development practice, an
even greater need for well-founded baseline is eminent.
It is not enough to know where we are going, we must
also know where we are.
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Abstract

This paper presents a single case study reporting the
experiences of introducing extreme programming (XP)
in a small development project at Online Telemarketing
in Lund, Sweden. The project was a success despite the
fact that the customer had a poor idea of the system
required at the start of the development. This success is
partly due to the introduction of practically all of the
XP practices. The practices that worked best were the
planning game, collective ownership and customer on
site. The practices that were found hard to introduce
and not so successful were small releases and testing.

1 Introduction

Extreme programming (XP) [1] is a methodology that
has received much attention during 2000 and 2001. XP
is a package of several practices and ideas, most of
which are not new. The combination and packaging of
all of these is, however new. One of the features that
makes XP different to most other methodologies is that
it is centred on the developer and gives him or her more
responsibility in the creation of the product. This paper
provides an experience report from the introduction of
XP at Online Telemarketing in Lund, Sweden. The
company decided to use XP to develop a sales support
system for use in their principal line of business,
telemarketing. The paper provides a brief description of
extreme programming in section 2. Section 3 presents a
brief introduction to qualitative research methodology,
which can be said to be the research methodology used
for this experience report. Section 4 contains a brief
introduction to the company, followed by an
introduction to the development project in section 5.
The experiences of the XP practices are accounted for
in section 6 and a discussion of the quality of the
conclusions is accounted for in section 7. Finally the
conclusions and a summary are presented in section 8.

So far, relatively few experience reports have been
made available with regards to XP. Especially, well
structured reports of attempts to fully introduce XP are
rare. Experience reports not only provide insight into
specific situations in which the method may work and
not work, but also provide practical examples to
illustrate the method. Organisations considering XP can
gain much needed prior experience of what to expect
when introducing practices, irrespective if they are
implementing one practice or implementing XP fully.

2 Extreme programming

2.1 Introduction

Extreme programming is a methodology created to
address the needs of small to medium software projects
developing products with little or vague requirements
specification [1]. The methodology has seen much
attention during 2000 and 2001, but relatively few
companies have tried more than one or two of the
practices that make up XP [2, 3, 4, 5].

2.2 XP practices

XP is composed of a few fundamental values, principles
and activities, which are implemented by 12 practices.
The fundamental values are communication, simplicity,
feedback and courage. The fundamental principles are:
rapid feedback, assume simplicity, incremental change,
embracing change and quality work. The basic
activities are coding, testing, listening and designing.
The 12 practices that are intended to realise all this are
described in the following list [1].

• Planning Game
Quickly determine the scope of the next release by
combining business priorities and technical
estimates. As reality overtakes the plan, update the
plan.
• Small Releases
Put a simple system into production quickly, and
then release new versions on a very short cycle.
• Metaphor
Guide all development with a simple shared story
of how the whole system works.
• Simple Design
The system should be designed as simply as
possible at any given moment. Extra complexity is
removed as soon as it is discovered.
• Testing
Programmers continually write unit tests, which
must run flawlessly for development to continue.
Customers write tests demonstrating that features
are finished.
• Refactoring
Programmers restructure the system without
changing its behaviour to remove duplication,
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improve communication, simplify, or add
flexibility.
• Pair Programming
All production code, i.e. code that is actually used
in the product, is written with two programmers at
one machine.
• Collective Ownership
Anyone can change any code anywhere at any
time.
• Continuous Integration
Integrate and build the system many times a day,
every time a task is implemented.
• 40-hour Week
Work no more than 40 hours a week as a rule.
Never work overtime a second week in a row.
• On-site Customer
Include a real, live user on the team, available full-
time to answer questions.
• Coding Standard
Programmers write all code in accordance with set
rules emphasizing communication through code.

The practices can be introduced independently or as a
whole depending on the situation in the development
organisation. The practices are intended as a starting
point for a development team. The team should start
using the practices as they are described in XP and
gradually adapt and optimise them to the team’s own
preferred method of working.

An XP project works best if certain roles are
assigned to the team individuals so that they each have
different responsibilities regarding the practices
previously described. The roles do not necessarily need
to represent individual persons. One role can be
assumed by several people and conversely one person
can assume several roles if need be. The roles are
briefly described below [1].

• Programmer
The programmer is at the heart of XP. The
programmer creates the product based on the story
cards written by the customer.
• Customer
The customer provides the functionality to be
implemented in the form of story cards. The
customer also creates, sometimes with the help of
the tester, functional tests to ensure that the product
does what it is supposed to do.
• Tester
The tester role in XP is focused towards the
customer to ensure that the desired functionality is
implemented. The tester runs the tests regularly and
broadcasts the results suitably.
• Tracker
The tracker role is to keep an eye on the estimates
and compare these to the performance of the team.

The tracker should keep an eye out for the big
picture and remind the team, without disrupting it,
when they are off track.
• Coach
The coach’s role in XP is to be responsible for the
process as a whole, bringing deviations to the
team’s notice and providing process solutions.
• Boss
The boss’s role in XP is basically to provide for the
needs of the team to ensure it get the job done.

3 Methodology

The majority of the information presented in this
experience report was gathered in two different ways.
The first way was by direct observation of the
developers during the course of the project, and the
second was by interviews with both the developers and
the development management. The interviews with the
developers gave a lot of information about attitudes
towards different XP practices, while the interviews
with the management gave information mostly about
how the practices were being followed.

As the information presented is of a qualitative
nature, a brief discussion of qualitative methodology
and threats is in order. It should be mentioned that the
study performed is not intended to be a complete formal
qualitative investigation in the respect that some form
of auditing is not used to validate the results [7]. This
kind of validation is only applicable and practical in
much larger studies. By addressing the methodology
behind the research techniques we can at least make an
informed attempt at improving the quality of the
information obtained.

The techniques used for gathering the information,
interviewing and observing, are both qualitative
research techniques. In this type of research the
trustworthiness of the investigation, which is usually
called validity in quantitative research, can be addressed
using four criteria: credibility, transferability,
dependability and confirmability [6].

These criteria are briefly summarised below. Further
information can be found in the works of Lincoln [6],
Robson [7], and Miles and Huberman [8]. References
are made in the summaries below to corresponding
criteria in quantitative validity theory. Wohlin et al. [9]
contains a comprehensive quantitative validity section.

• Credibility
Credibility corresponds to internal validity in
quantitative research. The aim of this criterion is to
ensure that the subject of the enquiry has been
accurately identified and described. This can be
achieved by using several techniques, for example
triangulation of sources or methods.
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• Transferability
Transferability corresponds to external validity in
quantitative research. This criterion addresses how
far outside the observed domain the results are
applicable.
• Dependability
Dependability addresses whether the process of the
study produces the same results, independent of
time, researcher and method.
• Confirmability
Confirmability addresses the issue of researcher
biases and ensures that the researcher affects the
results as little as possible.

An attempt to evaluate the study according to these four
criteria is performed in the quality of conclusions
section, section 7.

4 Online Telemarketing

Online Telemarketing is a small company specialising
in telephone-based sales of third party goods. The
company has its head office in Lund, Sweden, and
regional branches in Uppsala, Visby and Umeå.
Recently the company has expanded internationally
with operations in Denmark, Norway and Finland. The
company consists of a small core of fulltime staff that
manages and supports a large number of temporarily
employed staff. This implies that the company has a
very flat organisation as shown in figure 1. The primary
task of the temporary staff is performing the actual sales
calls.

Figure 1: Online Telemarketing corporate
organisation

Management realised in the autumn of 2000 that a
new sales support system would be required and started
planning for a system for use within the company.
‘Commercial off the shelf’ (COTS) alternatives were
evaluated but discarded due to being too expensive and
due to the fact that it would be both difficult and
expensive to incorporate specialised functionality. The

management at Online Telemarketing had several novel
ideas for features not present in the systems available on
the market that they considered crucial for the future
expansion and business success of the company.

The person responsible for systems development at
Online Telemarketing realised that the lack of detailed
requirements from management and the fact that no
similar systems had been created before meant that
traditional development with a big up-front design and
detailed requirements documents would prove
expensive and not very efficient. An alternative was
found in XP [1].

5 The development project

5.1 System overview

The system that was to be developed in the studied
project is a sales support system for telephone sales.
The system should cater for the needs of the sales staff
while they are performing their selling tasks and the
administrative staff that monitor the selling. All
information is logged in a database system. A system
overview is presented in figure 2. The lines in the figure
represent bi-directional transfer of data. Further details
of the developed system are irrelevant to this paper and
therefore omitted.

Figure 2: System structure overview

5.2 Project overview

Online Telemarketing decided on a strategy for
developing the product that involved using their own
system responsible person and employing part time
developers to perform the coding work. To start with,
four systems-engineering students were employed part
time in parallel with their coursework at the university.
After three months a further four people were employed
and integrated into the development team in order to
increase the absolute velocity of the project. The
developers were employed as regular employees and
there was no connection whatsoever between their
position at Online and their university course-work. The
employees were selected by interviewing applicants
answering adverts placed throughout the student
community.
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The product was coded using Microsoft Visual Basic
and SQL in a Microsoft development environment. The
customer for the project was internal at Online
Telemarketing and no considerations were made for
eventually selling the product outside the company.

The size of the product is estimated to
approximately 10 000 lines of code after all the initial
functionality has been developed. The development was
started in December 2000 and the first functional
system was launched in mid April 2001. The system has
been in full commercial operation since the end of
August 2001.

5.3 Roles

The roles described in section 2 were assigned to the
various members of the team at the start of the project.
Of course, the employed developers assumed the roles
of programmer. They also assumed the roles of testers,
working together with the customers to create and run
functional tests. The senior management at Online
assumed the role of customer, as they were the people
who had the original idea of the system. The tracker’s
responsibilities were assumed by the IT executive at
Online as he had a good overview of the work
performed by the group and was in direct contact with
the developers daily. The coach role was assumed
mainly by the IT executive, but at the beginning of the
project, when XP was new to the team, the author
shared some of the coach’s responsibilities. Finally the
Online senior management also assumed the roles of
bosses for the project as they were providing all means
for the development, such as computers, location and
funding.

5.4 Configuration management

The configuration management was solved by a simple
solution. As there were no branches in the configuration
management and the system was relatively small, the
team used a checkout directory to copy source code
manually instead of using a tool for this purpose. This
solution proved effective during the first part of the
project when only two pairs of programmers were
working. Common sense, combined with the fact that
all the developers were in the same room, made sure
that the configuration management worked well. As the
product grew, and the number of developers doubled,
problems did arise on occasion. One of the effects of the
problems was work being deleted on a few occasions
due to versions overwriting each other because of
misunderstandings. When this showed to be causing
problems for the developers, a quick and dirty solution
was introduced. Using simple text files to administrate
copies to checkout directories, the problem was solved.

Awareness of what was happening in the product

was intended to be handled by the developers sitting in
the same room and communicating all the time. The
problem that became apparent with this strategy was
when people were absent or working different
schedules.

Code is integrated continuously several times a day
and several times for each task. The alternative of
employing a tool for the configuration management
might, in retrospect, have been a more effective
solution. The basic system of copying files to checkout
folders solves the basic issues addressed by these tools
and, as no configuration branches were to be used at all,
the simple solution worked once the communication
problems were fixed.

6 Experiences of the XP practices

This section discusses the experiences gathered through
the observations and interviews made at Online
Telemarketing regarding each specific XP practice. The
developers were introduced to XP by a half-day seminar
with a basic introduction and an extreme hour exercise
[10]. The extreme hour is an exercise developed to
demonstrate the planning game and gives a good
overview of how XP works in practice. The developers
had guidance from the coach regarding how they should
implement XP at all times. XP books [1, 11, 12] were
also made available to them. The developers were also
instructed to look at XP websites to keep up to date on
recent developments in the XP community [10, 13, 14,
15].

6.1 The planning game

Using story cards proved to be one of the greatest
successes of all the XP practices. The story cards
provided all parties involved with a picture of the status
of the work and an overview of the product as a whole.
Approximately 150 stories have been implemented in
total. The stories were written by the customer and then
prioritised together with the development manager as he
had the best overview of the technical status of the
product. The estimation worked well once the
management understood the three levels of
prioritisation [1, 2, 3].

New stories were added continuously during the
whole project. This was due to the fact that the
management did not have a clear picture of the product
at the start of the project. This meant that functionality
was continuously added during the entire project. The
time estimation of the stories was difficult at first due to
the lack of practical experience of estimating, but after a
few weeks the estimating worked very well according
to the group members. The estimation quality was not
confirmed using quantitative methods. The whole group
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performed estimations together during planning
meetings.

Breaking the stories into tasks was difficult for the
developers to grasp. The developers ended up drawing
flow charts for the work, which was not the idea. Some
of the story cards were very similar to tasks, i.e. at a too
detailed a level for story cards. The problem was
thought to be due to the difficulty of setting some kind
of a common detail level for the stories.

The developers selected the stories to develop in
conjunction with the development manager. This way of
working with stories and tasks is an area that was
continuously looked at and improved during the course
of the project.

6.2 Small releases

Creating a minimal framework for each part of the
system proved to take longer than the following smaller
releases. The very first iteration took much more time
than intended due to lack of experience in using the XP
methods and traditional development thinking
dominating. Once a complete bare working system was
implemented, however, small releases were easier to
implement.

During the long initial releases it was important to
keep good communication between the customers and
developers so that the project did not proceed in the
wrong direction. As an afterthought, this practice seems
fundamental to the success of XP. Maybe more effort
should have been exerted to keep the initial release time
shorter.

6.3 Metaphor

The system metaphor created before the actual start of
the development was a little too detailed. It was almost
an attempt at a complete requirements document. This
was partly due to the fact that this document was
written before the XP methodology was first thought of
for the project. The document was not altered after XP
was selected as the preferred development method. The
metaphor document was also not properly updated as
the system evolved during the course of the project.
This is most probably also due to the too detailed level
of the system metaphor. A common picture of the
system was gained throughout the project by looking at
the system directly and discussing individual cards.
This common picture could have been improved by
creating an accurate system metaphor.

6.4 Simple design

The development team has strived to implement the
simplest possible solution at all times in accordance
with this XP practice. A further evaluation of this

practice was deemed to be difficult to perform in a
reasonable amount of time.

The philosophy of always assuming simplicity was
thought to have saved time in the cases where a much
larger solution would otherwise have been
implemented. Time was also believed to have been
saved due to the fact that developers did not have to
cope with a lot of unnecessarily complicated code.

6.5 Testing

Test-first programming was difficult to implement at
first. Determining how to write tests for code proved
difficult to master. The developers thought that the tests
were hard to write and they were not used to thinking
the test-first way. It was found difficult to see how
many tests were enough to satisfy that the desired
functionality would be implemented correctly.

The VB Unit test structure [12, 13] was used to
create the automatic unit tests. VB Unit takes quite a
long time to get used to and set up according to the
developers. The unit tests that were written take less
than one minute to run in total. The whole set of tests
were run each time new code was integrated. During the
course of the project the developers started to ignore
writing tests first, especially when the project came
under time pressure a few months in. The developers
understood why tests are important but thought it
involved too much work and did not see the short term
benefits. It is believed that this was due to the
inexperience of the developers. A more rigorous
approach to the testing practices would most probably
have been preferable.

The developers found programming by intention
difficult. Programming by intention involves deciding
the functionality and structure of the code in advance so
that the test cases can be created beforehand. The
development manager, who is experienced in coding
these kinds of systems, found this way of working
natural. He actually found that the way he usually
worked was very close to the way described by XP. It
was found that database code was much easier to write
test code for than business rule code. The graphical user
interface (GUI) code was also, as expected beforehand,
hard to write automated tests for. Because of the limited
nature of the GUI it was decided that an automated test
tool for GUI testing would probably take longer to take
into practice than manual user testing.

As the project came under pressure to release the
fully operational version, the test first method of
working ceased completely. The time pressure was due
to the expansion of the company into a new region
earlier than first expected. This meant that a portion of
the new system was desired to go into operation earlier
than the initial planning.

The functionality of the system was tested by the
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customer before each release as well as spontaneously
during the development. When the functionality was not
as the customer had intended it, a correction card was
written. At first the customer just interrupted the
developers when they found the functionality
inconsistent with the desired functionality, but this was
found to be too disruptive so a correction card strategy
was adopted. The functional testing provided a good
view of how the product is progressing.

6.6 Refactoring

No tools for refactoring were used in the project. All
project members performed minor refactoring
continuously. No major refactoring of the code was
performed, but assessment of the code was performed
continuously regarding the benefits of a major
refactoring in case it was necessary. No education or
training was given either beforehand or during the
course of the project in refactoring methods or theory
such as those presented by Fowler [16].

6.7 Pair programming

The developers used pair programming at all times. The
only exceptions were when illness intervened or the
developers had demanding schedules at the university.
The developers adopted pair programming cautiously at
first, but then gradually started to work naturally and
effectively in the pairs.
The fact that the developers had no prior professional

experience probably made the introduction of pair
programming much easier than if they had been used to
working in a traditional single-programmer manner.

When alone, the programmers often seemed to seize
and get stuck when solving a problem. Also the
tendency to carry on with a nonworking solution
seemed more frequent. The developers found it easier to
keep their concentration on the task at hand when
working in pairs.

The development leader estimates that the pair
programming produced the code faster than if the same
programmers would be working separately. However
the inexperience of the developers made them much
slower than experienced professionals.

The pair programming worked excellently when
introducing new people into the project. For the first
part of the project the pairs were been fixed so that the
developers could synchronise their schedules easily, but
during the second phase of the project when 8 people
were working full time on the project, the pairs were
changed continuously. The original 4 developers also
chose their own pair-programming buddy, but the
second group were assigned into pairs by management.

6.8 Collective ownership

Collective ownership worked well in the project. This
contributed to solving some minor irritation among the
developers due to defects found in the code. When the
programmers thought of defects as a group issue, rather
than someone else’s ‘private’ defect the irritation
disappeared and a constructive atmosphere was created.
The only problem observed in this practice was due to
the configuration management or rather lack of
effectiveness in the communication in the handling of
the configuration management. The developers were on
occasion afraid to change parts of the code due to the
risk of loosing work if not in direct contact with the
other pairs.

6.9 Continuous integration

Continuous integration proved to be natural in the
development environment created for the project. As
soon as code was finished it was integrated into the
product. The ease with which this practice was
implemented is notable in itself.

6.10 40-hour week

As the developers all worked part time, 20-hours per
week, this practice was adjusted to accommodate this.
Only the development manager and senior management
worked full time.

6.11 On site customer

The customer was available throughout the course of
the project. This worked very well. The only problems
were the flexible work hours of both developers and
management and everyone’s busy schedules. While the
senior management of the company had the role of
customer, they were not been able to devote all of their
available time to this project, because of other meetings
and responsibilities in running the company. At the start
of the project the customer had many opinions on the
functionality in the product. As soon as a release was
made the customer wanted to modify or add to it. This
decreased during the course of the project, partly due to
the system evolving into what the customer wanted and
partly due to that the customer became better at writing
story cards describing the desired functionality to the
developers more efficiently.

6.12 Coding standards

A coding standard document was created at the start of
the project. This was used extensively at first and added
to when needed. After a while the developers became
more relaxed and used the coding standard less. This
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was at the time identified as an issue and was re-
enforced with success. The outcome of this practice has
however not been evaluated by comparing sections of
the actual code with the coding standard.

7 Quality of conclusions

In this section the criteria discussed in section 3,
methodology, are discussed with regards to the research
methodologies employed in this paper.

• Credibility
The fact that both interviews and observations were
used in the study increases credibility. The
resulting observations do not seem to be incredible.
The resulting observations seem to be correct when
reviewed by the development manager at Online
Telemarketing.
• Transferability
The experiences from introducing XP in this
project should be of considerable help to other
projects introducing XP, either in part or fully.
Consideration should be taken to the facts that the
developers were working part time and were
otherwise university students, not full time,
experienced professionals.
• Dependability
Due to the limited nature of the study in this
experience report it is difficult to assess the
dependability of the study.
• Confirmability
The confirmability is also increased by the review
by the development manager at Online
Telemarketing.

The quality of the conclusions is increased by the
triangulation of qualitative research methods. Both
interviews and direct observations were used and the
results were reviewed by a representative of the
participating subjects.

8 Summary and conclusions

In conclusion, the project at Online Telemarketing was
a success. The product was created and is now
functioning live. The experiences of the actual XP
practices are a mostly successes, but also a few failures.
All of these experiences are relevant to projects
considering introducing XP.

The planning game was easy to introduce and a
great success. This can be partly due to the fact that the
extreme hour, used to initially introduce XP, focuses on
the planning game, as does extensive parts of the XP
literature [e.g. 1, 11, 12].

Small releases proved difficult for the first releases
for each part of the system. Even though they were

expected to take a little longer than the rest of the
releases, they took longer than planned. An increased
focus on only creating an absolute minimal framework
system might help this.

The system metaphor was too complicated to start
with. This resulted in a document that did not keep up
with the evolution of the system. It should not be
difficult to keep the metaphor simple and up to date.

The simple design was thought to work well, but
was not verified by code inspections. The developers
believed that by thinking in terms of simple solutions as
much as possible, they saved a lot of time by not having
to try to understand unnecessarily complicated code.

Testing was one of the hardest practices to
implement. It requires careful preparation of the testing
unit and also a strict discipline among the testers to
always test first. The testing practice was the first
practice to cease when the project came under pressure.

Refactoring was performed on a small scale all the
time. This is, however, natural in normal programming.
Larger scale refactoring was not performed, although
the possibility of large scale refactoring was
continuously evaluated.

Pair programming worked excellently for the
developers in the project. It seemed to help them solve
difficult problems faster and identify potential dead end
solutions earlier. The pair programming also worked
very well when introducing new people into the project

Although it was different from what the developers
were used to from the start, collective ownership proved
to be effective for the team spirit.

Continuous integration was not hard to implement
and was found a natural way to work in the
development environment created in the project.

The on-site customer practice worked well. The
customer solved many misunderstandings of
functionality early and was available to complete or
clarify any poorly written story cards. As the customer
did not really know the full extent of the product at the
start of the project, this practice appears to be one of the
major reasons for the success of the project.

The coding standard worked well. When the
developers started to get sloppy in the middle of the
project, the development manager enforced the coding
standard again.

Keeping in mind the issues raised in the quality of
conclusions section, section 7, these experiences should
be of interest to any development team considering
introducing XP.
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Abstract

This paper presents work that provides the means to
technically bridge the gap between software and systems
engineering methods. It specifically focuses on modern
object oriented software engineering techniques from a
system perspective. The problems caused by the gap
between software and systems engineering methods are
described as the difficulty to trace software engineering
specifications from a system perspective down to concept
level and the difficulty of information exchanges between
mismatching methods. Four of the current approaches
that tackle these problems are briefly presented and
evaluated, resulting in the conclusion that currently there
is no solution free from side-effects. A new approach
bridging the gap between software and systems
engineering is being presented, based on the efforts to
create the forthcoming systems engineering ISO standard
AP-233 and the just initiated work on a UML systems
engineering profile. The approach allows to inter-link
software and systems engineering techniques. It enables
the traceability of single software specification elements
from a systems perspective and, on the other hand, the
use of systems engineering management capabilities of
AP-233 in UML based developments.

1. Introduction

Software engineering has in the recent years grown to a
fully-fledged engineering discipline. Software specific
engineering processes, methods and specification
notations have emerged and established. Additionally, to
cope with the increased requirements on scalability,
modularity and reuse capability, software engineering has
even undergone a “paradigm shift” in the 1980’s and
1990’s, from previously structured development to object

oriented analysis and design methods that require a
different kind of thinking for developing software but
provide the means to cope with the increasing
requirements on software engineering. Within this period,
the complexity of software systems themselves and the
need for distributed development with reusable products
has continuously grown up to a level where methods and
tools to manage complexity were needed in order be able
to keep track of things. Additionally, the portion of
software in complex physical systems, such as cars,
aircrafts and space vehicles, has continuously grown.
Functionality that previously has purely been implemented
with hardware is increasingly implemented with software.

Systems Engineering
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Figure 1. Systems Engineering Overview

In complex projects with interdisciplinary
collaboration across several engineering disciplines, an
overall system view is needed in order to manage
problems of complexity and heterogeneity. The activities
on this level are usually referred to as “systems
engineering”. Systems engineering can be summarized as
encompassing and managing the engineering activities
assigned to all stages of a system’s lifecycle, as shown in
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Figure 1. System-wide activities such as project
management or version and configuration management are
performed by the systems engineering discipline.
Technical in-depth engineering activities are performed by
the respective engineering discipline, e.g. mechanical
engineering, electrical engineering or software
engineering.

1.1. Paper Structure

The rest of the paper is structured as follows. Section 2
describes current problems with the integration of
engineering techniques in a comprehensive systems
engineering view, specifically focussing on modern object
oriented software engineering. Then, the goals of this
paper are outlined. Section 3 presents and evaluates
current efforts towards integrating software specifications
in a systems engineering view, respective viewing
software engineering methods from a system perspective.
The following section 4 provides an approach to bridge
the gap that is still left open between software and systems
engineering, even considering the above mentioned
current efforts. The paper is finished with concluding
remarks and an outlook on the author’s future work in this
area.

1.2. Term Definitions

Due to the nature of the work presented in this paper,
certain terms have several, partly mismatching, definitions
in different domains. The following terms are used in this
paper following the given definition.
• Technique: A collection of methods and notations of

a certain paradigm. For example, object oriented
techniques include object oriented analysis and design
but also the Unified Modeling Language (UML, see
[12]) as notation.

• Method: A certain approach to solve a certain class
of tasks. For example, Booch’s method [2] is employed
for analyzing and designing object oriented software
systems.

• Concept: An element of a method. For example,
classes are a concept of Booch’s method. Concepts can
consist of other methods, e.g. attributes are a concept
of the concept class.
The defined terms can be viewed as being

hierarchically related, techniques contain methods,
methods in turn contain concepts and concepts may
contain other concepts.

2. Problem Description

Although systems engineering has been performed
since decades, the management of all artifacts of a system
from a comprehensive systems engineering view is still
difficult. Such a unified view, presumably implemented in
the form of a central database, provides the means for
overall system management capabilities, such as system-
wide project management, version management or
configuration management. It furthermore allows for
system-wide inter-allocation across engineering
disciplines, e.g. the allocation of a requirement to a low-
level detail of a software specification, thus providing
system-wide traceability of specification elements. With
such a comprehensive view, product data management
(PDM) techniques and tools could be applied across the
engineering disciplines down to lower specification levels.

However, different engineering disciplines often
employ different methods and concepts to specify their
view of the system or a part of the system. The methods
used differ from engineering discipline to engineering
discipline, sometimes syntactically congruent but
semantically different, e.g. the notation of state machines
in structured design and in the UML. These cases make it
especially difficult to create a unified systems engineering
view encompassing the artifacts from all of the single
engineering disciplines.

The gap between engineering methods is specifically
apparent if software engineering is also to be included in
such a comprehensive systems engineering view, as
described in Cocks [3]. The integration of software
engineering methods with other engineering methods
comprises another difficulty, namely the fast pace of
changes in software engineering techniques. It would be
inappropriate to pin down the current status of software
engineering for the integration efforts, because the
techniques may change or even be obsolete shortly.

2.1. Goals

This paper specifically tackles the aspects of
integrating modern object oriented software engineering at
systems engineering level. The goals are to provide a
solution of the above described problems allowing to
integrate software engineering artifacts on system level
and also, on the other hand, to enable the use of system
engineering techniques for software engineering.

The presented solution aims at an integration on
concept level, i.e. it considers file units as traceable
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software artifacts as insufficient. Rather, the single
elements of a software specification are to be accessible.

The discussions are, for the software engineering part,
based on the UML Version 1.3, see [12]. The UML has
emerged from several of the major object oriented
software engineering techniques and can be considered to
be the current de-facto standard in software engineering.
An introduction to details of the UML can be found in
Fowler and Scott [4].

2.2. Remarks

The integration problem described above can be seen
from two perspectives.

First, the view from system level on software
engineering highlights the difficulties of mapping modern
object oriented software engineering notations to the
traditional structured notations predominantly used in
other engineering disciplines and systems engineering.
Also, software engineering notations, such as the UML,
often lack explicit support for version and configuration
management, as this is often handled externally on file
level in software engineering. This “snapshot” character
of software engineering specifications represents another
dissimilarity compared to systems engineering practice.

Second, the view from software engineering on the

management capabilities of systems engineering needs
also be taken into account. For example, employing the
mature techniques from systems engineering for managing
versions and configurations allows for handling issues
such as system complexity and distributed development in
software engineering.

3. Current Efforts

There are currently several efforts undertaken striving
to solve the integration problem from either the software
engineering or the systems engineering side. The
following subsections each present and evaluate an
approach integrating UML concepts with systems
engineering views. The presented set of approaches is not
complete, it rather contains the most important
approaches, determined by the size of the associated
projects and the number of related publications.
Furthermore, “UML for Real-Time Control Systems” is
presented as representative for smaller but similar efforts
with interesting considerations.

3.1. AP-233

In the SEDRES projects, see SEDRES-2 Website [16],
where the authors of this paper are involved, a
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comprehensive information model for data exchanges
between systems engineering software tools has been
created. On the basis of this information model, a working
group (ISO AP-233, see [9]) within the International
Standardization Organization (ISO, see [10]) has been
formed in order to push the model towards an
international standard for the exchange of systems
engineering design tool data. The proposal for this
forthcoming application protocol standard ISO 10303-233
(short: AP-233, see [15]) comprises the most important
concepts supporting the current systems engineering
practice.

Figure 2 shows a class diagram giving an overview of
the working draft 5 of AP-233, as described in [15]. The
system engineering areas that AP-233 provides support
for are depicted as rectangles (classes), the relationships
among them are depicted as lines (associations).

In summary, AP-233 provides support for system-wide
management activities (such as project, version and
configuration management), system architecture, the
engineering process used within an organization to
develop a system, and a number of specification elements
from different engineering disciplines, including object
oriented software engineering. The object oriented
software engineering concepts encapsulated in “OO
Representation” and “Object Allocation” are for the
greater part based on the UML notation. A more detailed
description of AP-233 can be obtained from Herzog and
Törne [5] and [6], a description of the integration of
object oriented concepts can be found in Pandikow and
Törne [14].

The approach taken with AP-233 is different to the
approaches presented in the following subsections. AP-
233 tries to harmonize with existing concepts from
systems engineering standards by including object
oriented concepts (based on the UML) from a systems
engineering perspective. The respective software
engineering concepts are included in the management
capabilities of AP-233, i.e. elements from software
specifications can be addressed by system-wide
functionality.

AP-233 takes a step in the right direction towards
integrating software engineering concepts on system level.
It shows how single software engineering elements can be
included in systems engineering considerations and how
object oriented concepts can be made available for a
coherent use outside software engineering. However, AP-
233 merely includes object oriented concepts instead of
integrating them. A closer semantic integration with
existing concepts of other areas of AP-233 would be
desirable. This would allow for data exchanges between

systems engineering tools supporting different techniques,
either the object oriented or the structured paradigm.

Working draft 5 of AP-233 allows for the use of
object-oriented concepts in heterogeneous system
specifications and, on the other hand, also for the use of
systems engineering capabilities in object-oriented
specifications.

Requirements
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UML
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Computer
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Architecture...

Figure 3. Standard Redundancy

Nevertheless, it has an intrinsic drawback, shown in
Figure 3: AP-233 contains a set of software engineering
concepts resembling the UML notation. The difficulty
with this is that the UML is in flux, i.e. it will be updated
and changed within short periods of time. In contrast, the
forthcoming AP-233 will for the greater part be
unchanged for at least five years as ISO standard. Hence,
keeping the two standards consistent and synchronized
with respect to their redundant areas is infeasible in the
medium term.

3.2. UML Systems Engineering Profile

In the recent years, the International Council on
Systems Engineering (INCOSE, see [7]), representing the
worldwide systems engineering community, has
recognized object orientation as alternative systems
specification technique. Also, the need to integrate the
increasingly important developments in software
engineering with the traditional techniques used in
systems engineering has been recognized.

INCOSE and the Object Management Group (OMG,
see [13], responsible for the UML) are currently
initializing the creation of a UML profile for systems
engineering (UML SE profile). A UML profile is a
standardized way to tailor the UML notation for specific
purposes by restricting existing UML concepts for
specific needs, as well as introducing new concepts. The
scope and content of the UML SE profile are currently not
yet completely defined.
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This approach has the same potential as AP-233, to
harmonize systems engineering practice with modern
object oriented methods. However, the UML SE profile
approach will, as AP-233, most likely implement
redundant sets of specification concepts representing
systems engineering artifacts already modeled in AP-233.
Hence, the difficulty of keeping the two standards
synchronized will also arise from this solution. However,
in this case the sychnronization of the standards is easier
to accomplish, because changes in the systems
engineering practice are more unlikely to happen and
easier to integrate in the anyway faster changing UML
standard.

3.3. OOSEM

Lykins et al. [11] have developed an Object Oriented
Systems Engineering Method (OOSEM) that adapts the
UML notation for the use of engineering systems. The
approach proposes solutions for the most important
limitations of the UML when designing at system level,
e.g. by extending the UML syntax in order to capture
system requirements and by providing semantics where
the specification of the UML is vague.

In summary, OOSEM is a new object oriented method
for engineering systems, i.e. it allows to use concepts of
modern object oriented software engineering concepts,
such as use cases, to be used at system level. OOSEM is
to a large extent based on the UML, thus it is obvious that
it is easy to be employed and proven useful in software-
intensive projects, as for example described in Steiner et
al. [17].

Nevertheless, OOSEM does not attempt to harmonize
with existing systems engineering standards. Furthermore,
it does not explicitly focus on integrating software
concepts in systems engineering views. Rather, it changes
software concepts for the use at system level. Hence, this
approach is not directly suitable for achieving the
intended integration goals, although it contains useful
extensions to the UML that improve the consistency of the
notation.

3.4. UML for Real-Time Control Systems

An adaptation of the UML is developed and described
by Axelsson [1]. It can be seen as a representative of
several approaches from a software engineering
perspective that extend the UML such that it can be used
for modeling a certain aspect outside the original scope of
the UML. The author proposes extensions to the UML

that allow to use the notation for designing real-time
control systems. Additional elements are created through
UML stereotypes, i.e. with built-in means to extend the
UML notation, in order to allow for a richer specification
of physical architecture and for modeling continuous-time
relationships. This approach bridges the gap that UML
leaves in designing real-time control systems. It allows,
alike the OOSEM approach, to use UML concepts to
model additional aspects of software systems that are
slightly outside the scope of the UML.

However, the real-time adaptations do not strive for
semantic harmonization with existing systems engineering
concepts and hence, do not provide the means for
improved interdisciplinary collaboration based on
common semantics.

3.5. Summary

None of the above presented approaches provides a
solution to the integration problems being free from side-
effects. The most interesting approaches, AP-233 and the
UML Profile for Systems Engineering, each model the
interesting elements of the respective other domain within
their own domain, generating a redundant representation.
This constitutes the major problem of these approaches,
namely to keep the redundant models synchronized. This,
in turn, is especially difficult as the chosen underlying
software engineering notation is the UML, which is in the
flux.

Nevertheless, different aspects of each approach
contain contributions to an overall solution.

The adaptations of the UML, such as the presented
OOSEM or “UML for Real-Time Control Systems”, do
not primarily focus on the harmonization of systems and
software engineering standards in order to allow for
mutual use of specification concepts. Each of the
adaptations needs to be examined individually whether its
contributions may be useful to extend the core
specification of the UML in its meta-model or as formal
UML extension, e.g. in the form of a UML profile.

Integrating software engineering concepts in systems
engineering management capabilities as performed in AP-
233 is on principle a viable solution. The major drawback
of the AP-233 approach is, as mentioned above, to keep
the two independent standards synchronized, which in fact
is practically infeasible.

The approach of creating an UML profile for systems
engineering also represents a viable solution, but with the
same difficulty to keep two standards synchronized, as
with AP-233.
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4. Approach

A combination of aspects of the AP-233 and the UML
systems engineering profile approaches circumvents the
common sychnronization problem. Figure 4 gives an
overview on how the approach could be implemented.
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UML

Extern
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Figure 4. Solution Overview

Instead of keeping redundant implementations of
respective opposite concepts in each standard, as shown in
Figure 3, each standard implements an interface for
accessing external capabilities and specification elements.
AP-233 system specifications can access UML (software
engineering) specification elements through its external
interface, and, vice-versa, UML specifications can access
AP-233 capabilities through the UML external interface.
This eliminates the redundancy and hence the
sychnronization problem, as long as the interfaces refer to
the core elements of the respective other standard that are
unlikely to change.

The following subsections describe the necessary
implementations for this approach for each of the two
standards.

4.1. AP-233 External Interface

Implementing the above described approach comprises
for AP-233 (in its form described in working draft 5 [15])
the following modifications. First, all entities representing
object oriented techniques need to be removed, the same
applies to references to these entities within the AP-233
information model. Second, the interface for external
accesses has to be included in the information model.

Figure 5 outlines a possible implementation of the
interface in the form of an EXPRESS-G diagram
(EXPRESS is a specification language defined in the
STEP standard framework ISO 10303, namely ISO
10303-11 [8]; EXPRESS-G is a notation allowing to
represent subsets of EXPRESS graphically). The entities

“label”, “id” and “version” refer to respective definitions
in AP-233 working draft 5 [15].

The principal of the interface is to introduce a new
entity for referring to external elements, may it be an
element that is supposed to be included in system-wide
management capabilities (“controlled_external_element”),
as shown for version management, or just a reference in
order to provide simple traceability between system and
software specifications.

STRINGlabel

id(ABS) external_element

controlled_external_element

referencename

version

independent_external_element

id
1

version

Figure 5. AP-233 External Interface

The proposed implementation can be either introduced
as new constructs, as shown in Figure 5, or by extending
the existing AP-233 interface to external documents
through a common superclass embracing external
documents and (the new) references to external elements.

4.2. UML SE Profile External Interface

To complete the bi-directional integration, the
forthcoming UML systems engineering profile needs to
provide a similar interface as proposed for AP-233 above.
Figure 6 shows the major changes required in the UML
core meta-model providing the described capabilities of
referring to UML external specification elements.

The upper half of the class diagram in Figure 6
contains a proposal for a general external element that has
a location outside the UML model. The location element
“ExternalElementLocation” may be further specialized in
subclasses in order to describe a specific location, e.g. a
reference to an entity of AP-233. In order to reveal the
binding of an external element, the UML core should also
be extended by an explicit model management as
proposed in the lower half of Figure 6. A “Model” would
explicitly correspond to one of the UML diagrams, such
as a use case diagram or a class diagram.
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Figure 6. UML SE Profile External Interface

This extension of the UML core meta-model allows for
the integration of external modeling elements in UML
models. In this way, the management capabilities of AP-
233 can be accessed from UML models, e.g. in order to
employ the AP-233 version and configuration
management.

4.3. Examples

The following examples show how the mutual
integration of system and software engineering concepts
would be realized using the presented approach.

controlled_external_element

referencename

jet engine software
components

class diagram at
http:/ /example.com/cd1

version
design v1.0

id
1234

partial_system_view

name

jet engine

element

Figure 7. AP-233 Interface Example

Figure 7 shows a simplified example of a jet engine
that may be part of a large system, e.g. an aircraft. The
EXPRESS-G notation used for this example has been
modified in order to represent instances of a class (shown
with a black triangle in the lower right corner) and
attribute values (shown as cursive text associated with a
relationship). Furthermore, the relationship between
“partial_system_view” and “controlled_external_element”
is also simplified, compared to the modeling style in
working draft 5 of AP-233 [15]. The interesting

connection between the AP-233 specification and a UML
class diagram describing the major software components
of the jet engine’s control software is done via the
attribute “reference”.

JetEngineRepository:
ExternalElement

Location

Version:External
Element

ExternalReference

JetEngineControlSoftware:Model

Contains

Figure 8. UML SE Interface Example

Figure 8 shows how, on the other side, UML
specifications can access AP-233 elements through the
proposed UML SE External Interface.

In this simplified example the UML model
“JetEngineControlSoftware” accesses a specific AP-233
version, which is stored in an AP-233 based repository,
through an “ExternalElement”.

4.4. Evaluation

The presented approach provides the means to
integrate AP-233 system specifications and UML software
specifications without being dependent on the
asynchronous evolution cycles of the two standards. AP-
233 specifications can include UML specifications down
to concept level, thus providing a system-wide
traceability. On the other hand, UML specifications can
access modeling elements and capabilities of an AP-233
specification, allowing to include concepts that are not
covered by the UML.

Nevertheless, the major advantage of the proposed
solution, namely independence from updating cycles of
the respective standards, takes only effect if the mutually
referenced concepts are carefully selected with respect to
their probability of change. For example, the concept
“class” can be considered to be unchanging throughout the
next versions of the UML, and hence, is a good candidate
for being included in the interface definitions.

5. Conclusions and Future Work

In this paper, the gap between software and system
engineering and the resulting problems have been
presented. The gap mainly originates in the increasingly
diverging techniques used in the respective areas since the
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introduction of object oriented software engineering. The
resulting problems lie in the difficulties of tracing single
elements of software specifications from system level and
the difficulty to exchange information between software
and systems engineering due to the mismatch of their
techniques and methods.

Four of the current approaches tackling these problems
have been presented and evaluated, leading to the
conclusion that none of the approaches provides a solution
free from major side-effects.

The integration of software engineering concepts with
a systems engineering view performed in AP-233 and the
potentials of the initiative to create an UML systems
engineering profile have been combined into a new
approach that reduces the above mentioned side-effects,
namely the problem of keeping redundant parts in two
independent standards consistent.

The primary author of this paper will continue to work
in this field, focussing on the technical integration of
object oriented techniques with traditional structured
techniques. The intention is to show that object orientation
does not represent a new paradigm, rather than a logical
extension of traditional techniques in order to cope with
the demands of complex systems and hence, can also be
used outside software engineering.
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Abstract 
 

When different business units of an international com-
pany are responsible for the development of different parts 
of a large system, a component-based software architecture 
may be a good alternative to more traditional, monolithic 
architectures. The new common control system, developed 
by ABB to replace all its existing control systems, must 
incorporate support for a large number of I/O systems, 
communication interfaces, and communication protocols. 
An activity has therefore been started to redesign the sys-
tem’s architecture, so that I/O and communication compo-
nents can be implemented by different development centers 
around the world. This paper reports on experiences from 
this effort, describing the system, its current software ar-
chitecture, the new component-based architecture, and the 
lessons learned so far. 
 
1. Introduction 
 

Increased globalization and the more competitive 
climate make it necessary for international companies to 
work in new ways that maximize the synergies between 
different business units around the world. Interestingly, this 
may also require the software architecture of the developed 
systems to be rethought. In a case where different 
development centers are responsible for different parts of 
the functionality of a large system, a component-based 
architecture may be a good alternative to the more 
traditional, monolithic architectures, usually comprising a 
large set of modules with many visible and invisible 
interdependencies. Additional, expected benefits of a 
component-based architecture are increased flexibility and 
ease of maintenance [1][2]. 

This short paper reports on experiences from an ongoing 
project at ABB to redesign the software architecture of a 
control system to make it possible for different 
development centers to incorporate support for different I/O 
and communication systems. While it is obvious that the 
component-based approach in the long run brings 
advantages in terms of time-to-market and less costs for 
system adaptability and improvements, it is also clear that 
the redesign itself and the additional costs for designing 
components to be reusable require more costs in the 
beginning of the process [3]. Minimizing the additional 

costs of the project in its starting phase was one of the main 
challenges. The second challenge of the project was to 
achieve a good design of the architecture where the 
interfaces between reusable parts are clear and sufficiently 
general. The third challenge was to keep the performance of 
the existing system, since the separation of system parts and 
introduction of generic interfaces between the parts may 
cause overhead in the code execution. 

The remainder of the paper is organized as follows. In 
section two, the ABB control system is described with 
particular focus on I/O and communication. The software 
architecture and its transformation are described in more 
detail in section three. In section four, we analyze the 
experiences from the project and try to extract some lessons 
of general value. Section five reviews some related work in 
this area, and section six present our conclusions and 
outlines future work. 

 
2. The ABB control system 
 

Following a series of mergers and acquisitions, ABB 
now has several independently developed control systems 
for the process, manufacturing, substation automation and 
related industries. To leverage its worldwide development 
resources, the company has decided to continue 
development of only a single, common control system for 
these industries. One of the existing control systems was 
selected to be the starting point of the common system. This 
system is based on the IEC 61131-3 industry standard for 
programmable controllers [4]. The software has two main 
parts, the ABB Control Builder, which is a Windows 
application running on a standard PC, and the system 
software of the ABB Controller family, running on top of a 
real-time operating system (RTOS) on special-purpose 
hardware. The latter is also available as a Windows 
application, and is then called the ABB Soft Controller.  

The ABB Control Builder is used to specify the 
hardware configuration of a control system, comprising one 
or more ABB Controllers, and to write the programs that 
will execute on the controllers. The configuration and the 
control programs together constitute a control project. 
When the control project is downloaded to the control 
system via the control network, the system software of the 
controllers is responsible for interpreting the configuration 
information and for scheduling and executing the control 
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programs. Only periodic execution is supported. Figure 1 
shows the Control Builder with a control project opened. It 
consists of three structures, showing the libraries used by 
the control programs, the control programs themselves, and 
the hardware configuration, respectively. The latter 
structure is expanded to show a configuration of a single 
AC800M controller, equipped with an AI810 analogue 
input module, a DO810 digital output module, and a CI851 
PROFIBUS-DP communication interface. 

 

Figure 1. The ABB Control Builder. 

To be attractive in all parts of the world and a wide 
range of industry sectors, the common control system must 
incorporate support for a large number of I/O systems, 
communication interfaces, and communication protocols. In 
the current system, there are two principal ways for a 
controller to communicate with its environment, I/O and 
variable communication. When using I/O, variables of the 
control programs are connected to channels of input and 
output modules using the Control Builder. For instance, a 
Boolean variable may be connected to a channel on a 
digital output module. When the program executes, the 
value of the variable is transferred to the output channel at 
the end of every execution cycle. Variables connected to 
input channels are set at the beginning of every execution 
cycle. Real-valued variables may be attached to analogue 
I/O modules.  

To configure the I/O modules of a controller, variables 
declared in the programs running on that controller is 
associated with I/O channels using the program editor of the 
Control Builder. Figure 2 shows the program editor with a 

small program, declaring one input variable and one output 
variable. Notice that the I/O addresses specified for the two 
variables correspond to the position of the two I/O modules 
in Figure 1. 

 

Figure 2. The program editor of the Control Builder. 

Variable communication is a form of client/server 
communication and is not synchronized with the cyclic 
program execution. A server supports one of several 
possible protocols and has a set of named variables that 
may be read or written by clients that implement the same 
protocol. An ABB Controller can be made a server by 
connecting program variables to so-called access variables 
in a special section of the Control Builder. Servers may also 
be other devices, such as field-bus devices. Any controller, 
equipped with a suitable communication interface, can act 
as a client by using special routines for connecting to a 
server and reading and writing variables via the connection. 
Such routines for a collection of protocols are available in 
the Communication Library, which is delivered with the 
Control Builder. 

 
3. Componentization 
 
3.1. Current software architecture 

 
The software of the ABB Control System consists of a 

large number of source code modules, each of which are 
used to build the Control Builder or the controller system 
software or both. Figure 3 depicts this architecture, with 
emphasis on I/O and communication. The boxes in the 
figure represent logical components of related functionality. 
Each logical component is implemented by a number of 
modules, and is not readily visible in the source code. 

To see the reason for the overlap in the source code of 
the Control Builder and that of the controller system 
software, we look at the handling of hardware 
configurations. The configuration is specified using the 
control builder. For each controller in the system, it is 
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specified what additional hardware, such as I/O modules 
and communication interfaces, it is equipped with. Further 
configuration information can be supplied for each piece of 
hardware, leading to a hierarchic organization of 
information, called the hardware configuration tree. The 
code that builds this tree in the Control Builder is also used 
in the controller system software to build the same tree 
there when the project is downloaded. If the configuration 
is modified in the Control Builder and downloaded again, 
only a description of what has changed in the tree is sent to 
the controller. 

 
The main problem with the current software architecture 

is related to the work required to add support for new I/O 
modules, communication interfaces, and protocols. For 
instance, adding support for a new I/O system may require 
source code updates in all the components except the User 
Interface and the Communication Server, while a new 
communication interface and protocol may require all 
components except I/O Access to be updated. 

As an example of what type of modifications may be 
needed to the software, we consider the incorporation of a 
new type of I/O module. To be able to include a device, 
such as an I/O module, in a configuration, a hardware 
definition file for that type of device must be present on the 
computer running the Control Builder. For an I/O module, 
this file defines the number and types of input and output 
channels. The Control Builder uses this information to 
allow the module and its channels to be configured using a 
generic configuration editor. This explains why the user 
interface does not need to be updated to support a new I/O 
module. The hardware definition file also defines the 
memory layout of the module, so that the transmission of 
data between program variables and I/O channels can be 
implemented in a generic way.  

For most I/O modules, however, the system is required 
to perform certain tasks, for instance when the 
configuration is compiled in the Control Builder or during 
start-up and shutdown in the controller. In today’s system, 
routines to handle such tasks must be hard-coded for every 

type of I/O module supported. This requires software 
developers with a thorough knowledge of the source code. 
The situation is similar when adding support for 
communication interfaces and protocols. The limited 
number of such developers therefore constitutes a 
bottleneck in the effort to keep the system open to the many 
I/O and communication systems found in industry. 
 
3.1. Component-based software architecture 

 
To make it much easier to add support for new types of 

I/O and communication, it was decided to split the 
components mentioned above into their generic and non-
generic parts. The generic parts, commonly called the 
generic I/O and communication framework, contains code 
that is shared by all hardware and protocols implementing 
certain functionality. Routines that are special to a 
particular hardware or protocol are implemented in separate 
components, called protocol handlers, installed on the PC 
running the Control Builder or on the controllers. This 
component-based architecture is illustrated in Figure 4. To 
add support for a new I/O module, communication 
interface, or protocol to this system, it is only necessary to 
add protocol handlers for the PC and the controller along 
with a hardware definition file. The format of hardware 
definition files is extended to include the identities of the 
protocol handlers. 

  
Essential to the success of the approach, is that the 

dependencies between the framework and the protocol 
handlers are fairly limited and, even more importantly, well 
specified. One common way of dealing with such 
dependencies is to specify the interfaces provided and 
required by each component. ABB’s component-based 
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control system uses Microsoft’s Component Object Model 
(COM) [5] to specify these interfaces, since COM provides 
suitable formats both for writing interface specification, 
using the COM Interface Description Language (IDL), and 
for run-time interoperability between components. For each 
of the generic components, two interfaces are specified: one 
that is provided by the framework and one that may be 
provided by protocol handlers. Interfaces are also defined 
for interaction between protocol handlers and device 
drivers. The identities of protocol handlers are provided in 
the hardware definition files as the Globally Unique 
Identifiers (GUIDs) of the COM classes that implement 
them. 

The use of COM implies that all invocations of an 
interface’s methods are sent to a particular object. The use 
of objects turns out to work very well for the system in 
question. It allows several instances of the same protocol 
handlers to be created. This is useful, for instance, when a 
controller is connected to two separate networks of the 
same type. Also, it is useful to create one instance of the 
object implementing an interface provided by the 
framework for each protocol handler that requires the 
interface. An additional reason that COM is the technology 
of choice is that it is expected to be available on all 
operating systems that the software will be released on in 
the future. The Control Builder is only released on 
Windows, and an effort has been started to port the 
controller system software from pSOS to VxWorks. In the 
first release of the system, which will be on pSOS, the 
protocol handlers will be implemented as C++ classes, 
which will be linked statically with the framework. This 
works well because of the close correspondence between 
COM and C++, where every COM interface has an 
equivalent abstract C++ class. 

When a control system is configured to use a particular 
device or protocol, the Control Builder uses the information 
in the hardware definition file to load the protocol handler 
on the PC and execute the protocol specific routines it 
implements. During download, the identity of the protocol 
handler on the controller is sent along with the other 
configuration information. The controller system software 
then tries to load this protocol handler. If this fails, the 
download is aborted and an error message displayed by the 
Control Builder. This is very similar to what happens if one 
tries to download a configuration, which includes a device 
that is not physically present. If the protocol handler is 
available, an object is created and the required interface 
pointers obtained. Objects are then created in the 
framework and interface pointers to these passed to the 
protocol handler. After the connections between the 
framework and the protocol handler has been set up through 
the exchange of interface pointers, a method will usually be 
called on the protocol handler object that causes it to 
continue executing in a thread of its own. Since the 
interface pointers held by the protocol handler references 

objects in the framework, which are not used by anyone 
else, all synchronization between concurrently active 
protocol handlers can be done inside the framework. 

To make this a little bit more concrete, consider the 
interface pair IGenClient, which is provided by the 
framework, and IPhClient, which is provided by protocol 
handlers implementing the client side of a communication 
protocol. IPhClient has a method  

 
HRESULT SetClientCallback(IGenClient *pGenClient) 
 

which is called to pass an interface pointer to an object in 
the framework to the protocol handler. There is a similar 
method for passing an interface pointer providing access to 
a device driver. After the interface pointers have been 
handed over, the framework can start the execution of the 
protocol handler in a separate thread. The code in this 
thread will then mediate message between control programs 
and a communication interface via the device driver. 
 
4. Lessons learned 
 

The definitive measure of the success of the project 
described in this paper will be how large the effort required 
to redesign the software architecture has been compared to 
the effort saved by the new way of adding I/O and 
communication support. It is important to remember, 
however, that in addition to this cost balance, the business 
benefits gained by shortening the time to market must be 
taken into account. Also important, although harder to 
assess, are the long time advantages of the increased 
flexibility that the component-based software architecture is 
hoped to provide.   

At the time of writing, the design of the framework, 
including the specification of interfaces, is largely 
completed and implementation has started. It is thus too 
early to say exactly how much work has been needed, but it 
seems safe to conclude that the efforts are of the same order 
of magnitude as the work required to add support for an 
advanced I/O or communication system the old way, that is 
by adding code to the affected modules. From this we can 
infer, that if the new software architecture makes it 
substantially easier to add support for such systems, the 
effort has been worthwhile. We therefore find that the 
experiences with the ABB control system supports our 
hypothesis that a component-based software architecture is 
an efficient means for supporting distributed development 
of complex systems. 

Another lesson of general value is that it seems that a 
component technology, such as COM, can very well be 
used on embedded platforms and even platforms where run-
time support for the technology is not available. Firstly, we 
have seen that the overhead that follows from using COM is 
not larger than what can be afforded in many embedded 
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systems. In fact, used with some care, COM does not 
introduce much more overhead than do virtual methods in 
C++. Secondly, in systems where no such overhead can be 
allowed, or systems that run on platforms without support 
for COM, IDL can still be used to define interfaces between 
components, thus making a future transition to COM 
straightforward. This takes advantage of the fact that the 
Microsoft IDL compiler generates C and C++ code 
corresponding to the interfaces defined in an IDL file as 
well as COM type libraries. Thus, the same interface 
definitions can be used with systems of separately linked 
COM components and statically linked systems where each 
component is realized as a C++ class or C module. 

An interesting experience from the project is that 
techniques that were originally developed to deal with 
dynamic hardware configurations have been successfully 
extended to cover dynamic configuration of software 
components. In the ABB control system, hardware 
definition files are used to specify what hardware 
components a controller may be equipped with and how the 
system software should interact with different types of 
components. In the redesigned system, the format of these 
files has been extended to specify which software 
components may be used in the system. The true power of 
this commonality is that existing mechanisms for handling 
hardware configurations, such as manipulating 
configuration trees in the Control Builder, downloading 
configuration information to a control system, and dealing 
with invalid configurations, can be reused largely as is. The 
idea that component-based software systems can benefit by 
learning from hardware design is also aired in [1]. 
 
5. Related work 

 
The use of component-based software architecture in 

real-time, industrial control has not been extensively 
studied, as far as we know. One example is documented in 
[7]. This work is not based on experiences from industrial 
development, however, but rather from the construction of a 
prototype, developed in academia for non-real-time 
platforms with input from industry. It also differs from our 
work in that it focuses on the possibility of replacing the 
multiple controllers usually found in a production cell with 
a single controller, rather than on supporting distributed 
development. 
 
6. Conclusions and future work 
 

The initial experiences from the effort to redesign the 
software architecture of ABB’s control system to support 
component-based development are promising, in that the 
developers have managed to define interfaces between the 
framework and the protocol handlers. Since the effort to 

redesign the system has not been too extensive, we 
conclude that the project has met its first challenge 
successfully. An assessment of how the remaining 
challenges of achieving sufficiently general interfaces while 
maintaining an acceptable performance have been met 
would be premature at this point. 

An issue that may be addressed in the future 
development at ABB is richer specifications of interfaces. 
COM IDL only specifies the syntax of interfaces, but it is 
also useful to specify loose semantics, such as the allowed 
parameters and possible return values of methods, and 
timing constraints. Since UML has already been adopted as 
a design notation, one possibility is to use the specification 
style suggested in [6]. In our continued research concerning 
this effort we plan to study in more detail how non-
functional requirement are addressed by the software 
architecture. We will, for instance, look at reliability, which 
is an obvious concern when externally developed software 
components are integrated into an industrial system.  
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Abstract
Software inspection is a method to detect faults in the early
phases of the software life cycle. One piece of information
available after an inspection session is the number of found
faults. However, more important information is the number
of faults not found. In order to estimate this, capture-recap-
ture was introduced for software inspections in 1992. Since
then, several papers have been written in the area. This pa-
per summarizes the work made in capture-recapture for
software inspections during these years. Furthermore, and
more importantly, the papers are classified in order to facil-
itate other researchers’ work as well as highlighting the ar-
eas of research that need further work.

1. Introduction

Software inspection [18][29] is an efficient method to detect
faults in software artefacts. It was first described by Fagan
[25], and since then inspections have evolved to become a
mature empirical research area. The research has addressed
changes to the inspection process, e.g. [8][40], [33][30],
support to the process, e.g. [2][20] and empirical studies,
e.g. [45][53]. The support to the inspection process includes
reading techniques [2] and the use of capture-recapture
techniques to estimate the remaining number of faults after
an inspection [20]. Furthermore, industry has studied the
benefits of conducting software inspections [58]. Reading
techniques are applied to the individual part of inspections
in order to aid reviewers with more information of how to
read when inspecting. The purpose is to increase the effi-
ciency and effectiveness. Several reading techniques have
been proposed, checklist-based reading [26], defect-based
reading [45] perspective-based reading (PBR) [2], tracea-
bility-based reading [56] and usage-based reading [55].

Capture-recapture [17] is a statistical method that can be
utilized with software inspections to estimate the fault con-
tent of an artefact. Capture-recapture was first introduced in
software inspections by Eick et al. 1992 [20], and since then
a number of papers has been published that evaluates and

improves capture-recapture for software inspections. The
method uses the overlap among reviewers to estimate the
fault content. It is assumed that the reviewers work inde-
pendently of each other and therefore the fault searching has
to be performed before, and not during, an inspection meet-
ing. The size of the overlap indicates the number of faults
left; if the overlap is large, it indicates that few faults are left
to be detected; if the overlap is small, it indicates that many
faults are undetected. Using statistical methods, an estima-
tion value and a confidence interval can be calculated. This
information can be used by inspection coordinators and
project managers to take informed decisions, which is ex-
emplified in Section 2.

The first known use of capture-recapture was by Laplace
1786 [31], who used it to estimate the population size of
France [44]. In biology, capture-recapture is used to esti-
mate the population size of animals, e.g. the number of fish
in a lake. Several different types of capture-recapture mod-
els exist. Capture-recapture methods have also been utilized
in other areas, e.g. software testing [50][63] and medical re-
search [17].

The purpose of this paper is to summarize the capture-re-
capture research in software inspections during the past ten
years. During these years, a number of research papers have
been published. By categorizing the papers, this is intended
to facilitate other researchers’ work as well as highlight the
areas of research that need further work. The papers have
been classified into three main categories theory, evaluation
and application. Several papers have considered the theory
and evaluation of capture-recapture. Only one published pa-
per has tried to apply capture-recapture in an industrial en-
vironment.

To find the relevant literature for the survey, a literature
search was carried out. This was made through searching
the databases INSPECT, IEEE online, Science Direct and
Association of Computing Machinery (ACM) using the
keywords “capture recapture”, “defect content estimation”
and “fault content estimation”. In addition, some papers
were obtained by personal communications with research-
ers. Finally, all references in the papers were checked to
guarantee that no referenced paper was missed.
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The paper is outlined as follows. In Section 2, an inspec-
tion process using capture-recapture is outlined and the the-
ory of capture-recapture is presented. A summary of
capture-recapture papers written is provided in Section 3. In
Section 4, future research is suggested and in Section 5 a
summary of this paper is provided.

2. Capture-Recapture

2.1. Inspection Process

An example of a process that can be used to combine in-
spections and capture-recapture is described in this section
and shown in Figure 1.

After the individual inspection (1), the inspection
records are handed in to an inspection coordinator who
compiles the faults into one document (2). The inspection
coordinator uses the overlap of the faults that are found to
make an estimate of the number of remaining faults. This in-
formation can then be used to decide whether a meeting is
necessary, more reviewers are needed, reinspection are
needed, rework of the document should be made and so
forth. During the meeting (3), only the reviewers that are
needed to participate attend. The inspection coordinator de-
cides who will attend, based on the number of faults left, the
preparation time and the overlap information. The main
purpose of the meeting is to find new faults, but also to
spread information and take informed decisions about the
artefact inspected. After the meeting, a new estimate of the
fault content can be made (the confidence is probably better
in this estimation, since reviewers have agreed upon the
faults in the artefacts). The inspection coordinator may then
use the inspection record for process improvement and
gives the record to the authors of the artefact to correct the
faults (4). In the described process, the main purpose is to

find as many faults as possible. There are other possibilities
where the goal is not necessarily to find all faults. Thelin et.
al. [51] describes an inspection process where, in order to
save inspection effort, the documents are sampled. Then,
based on a pre-inspection on the samples, the inspection ef-
fort is focused on the documents that need it the most.

2.2. Models

There are many different models and estimators in capture-
recapture. An estimator is a formula used to predict the
number of faults remaining in an artefact. A model is the
umbrella term for a number of estimators with the same
prerequisites. Four basic capture-recapture models are used
for software inspections, see Table 1. However, more mod-
els have been developed for other domains, but have not yet
been investigated for software inspections.

The overlap among the faults that the reviewers find is
used as a basis for the estimation. The smaller overlap
among the reviewers the more faults are assumed to remain,
and the larger overlap the fewer faults are assumed to re-
main. Two extreme cases can occur. Either, all reviewers
have found exactly the same faults, which means that there
are probably not any faults left, or none of the reviewers has
found a fault that another reviewer has found, which indi-
cates that there are probably many faults left. To estimate
the number of faults left, statistical estimators are used,
which are designed to model different variations in software
inspections.

The models handle variations in the ability of the review-
ers to find faults as well as the faults’ probability to be
found. The most basic model (M0) assumes that all faults
are equally probable to be found and that all reviewers have
equal abilities to find faults. More advanced models use ei-
ther the assumption that the probabilities of faults vary
(Mh), or the abilities of reviewers vary (Mt), or both (Mth),
see Table 1. Within each model, a number of estimators
have been developed.

In addition to capture-recapture, two other fault content
estimation methods have been developed that utilize the
overlap information, curve-fitting models and subjective es-
timations. The curve fitting models use a mathematical
function, which is fitted to the inspection data and extrapo-
lated to a limit value. The most commonly used curve fitting
method, which is called detection profile method (DPM)
[61], uses an exponential function. Subjective estimations
use the knowledge of reviewers to estimate fault content af-
ter inspections. The reviewers estimate the most probable
value of the number of faults left [23]. Enhanced methods
have been developed [3][62], where reviewers’ estimations
are combined. Some of these models require that the most
probable, minimum and maximum values are estimated.

Figure 1. An example of an inspection process
using capture-recapture estimations.

3. Meeting

2. Compilation

1. Reviewers

4. Correction
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3. State-of-the-Art

This section summarizes and classifies the papers written in
the area of capture-recapture connected with software in-
spections, see Table 2. Research contributions can from a
general point of view be divided into theory, evaluation and
application. Theory includes basic research, which investi-
gates and describes the fundamentals of capture-recapture
models and estimators. This has been extensively investi-
gated in biostatistics, but has been further developed and
transferred to software engineering and especially inspec-
tions. The second step in a research chain is to evaluate the
proposed methods and to improve them. The third main area
is application, where the results from theory and evaluation
are transferred to be used in an industrial setting. Moving
from theory to application takes a long time [46]. Research-
ers need to establish basic results before software organiza-
tions are willing to adopt them. In this survey, only one
paper has been classified as an application paper. That paper
only uses results from Eick et al. [20] and no other conduct-
ed research.

A secondary classification is made to classify the papers.
in subsets of the main classification. Only the subsets need-
ed for the summarized papers are included, i.e. it is not nec-
essarily exhaustive. The classification shows the main ideas
of the papers and is intended to guide the readers to help
them understand the research conducted. These topics are
further discussed in Section 4, where future research is
pointed out. The classification of a paper includes a primary
classification denoted with an “x” and a secondary classifi-
cation, denoted with an “(x)”. Although a paper makes a
contribution in one area it may also contain smaller contri-
butions in other areas. These smaller contributions receive a
secondary classification.

Each paper classified as primary is described in one par-
agraph. To recognize these papers, the references are
marked in bold. All papers are at least classified as primary
once, but may also be classified once or more as secondary.

This leads to that some papers are described more than once,
and hence some recurrences are inevitable.

3.1. Basic Theory

Most of the basic capture-recapture theory as well as the
derivation of all the models and estimators have been de-
scribed and developed within the research area of biostatis-
tics. Capture-recapture in software inspections is an
adaptation of an old technique into a new area. There are,
however, some papers published within the software in-
spection community, which contribute to the investigation
and evolvement of the basic theory. This includes theory
concerning the assumptions or the introduction of new the-
oretical concepts that arise because of inspections being a
new area of application. In the case of Freimut’s master the-
sis [27], it is included in this category because of being the
first comprehensive description of all capture-recapture
models suitable to be evaluated for use in software inspec-
tions.

The first paper to apply capture-recapture to software in-
spections was written by Eick et al. [20]. Eick et al. describe
a model showing how faults propagate through the develop-
ment phases. At each phase, some faults are detected but at
the same time new ones are introduced. Capture-recapture
is introduced as a technique to estimate the number of resid-
ual faults after each phase. To test the technique Eick et al.
designed a study that when the paper was written had pro-
duced some preliminary results. The paper does not only
concern capture-recapture findings but it also reports on in-
spection observations in general such as the lack of synergy
effect at the inspection meeting. The statistics of the cap-
ture-recapture estimator Mt-ML is described and some pre-
liminary results from the experimental study are presented.
These results show the relation between the predicted
number of faults, the number found during preparation and
total number found including those faults discovered at the
inspection meeting. However, the true number of faults was
not known.

Table 1: The models, prerequisites and estimators in capture-recapture. More models exist in capture-
recapture but have not been used for software inspections.

Model Prerequisites Estimators

M0 All faults have equal detection probability.
All reviewers have equal detection ability.

M0-ML – Maximum likelihood [39]

Mt All faults have equal detection probability.
Reviewers may have different detection abilities.

Mt-ML – Maximum likelihood [39]
Mt-Ch – Chao’s estimator [15]

Mh Faults may have different detection probabilities.
All reviewers have equal detection ability.

Mh-JK – Jackknife [13]
Mh-Ch – Chao’s estimator [14]

Mth Faults may have different detection probabilities.
Reviewers may have different detection abilities.

Mth-Ch – Chao’s estimator [16]
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In [21], Eick et al. argue that most of the earlier statistical
analyses of software have focused on the last two develop-
ment phases, i.e. testing and release. In their paper, they in-
troduce capture-recapture that brings statistical analysis to
two of the earliest stages, generation of requirements and
specification of design. First, Eick et al. introduce one of the
most basic capture-recapture estimators from biology (the
Lincoln-Peterson estimator [39]). This estimator uses only
two samples (reviewers) and assumes equal probabilities
(Mt). Eick et al. identify four issues concerning software in-
spections that make this simple approach unsuitable. In
software inspections: (a) most of the time there are more
than two reviewers, (b) reviewers are not equal in their abil-
ity to find defects which results in unequal probabilities, (c)
there is a risk that the reviewers cooperate, which violates
the assumption of independence between “trapping occa-
sions” and finally (d) the faults are not equally difficult to
discover which also affects the probability in the statistical
model. Eick et al. take care of a, b and d by presenting and
explaining estimators of models Mt and Mh. Both these
models handle cases with more than two reviewers. Issue c
is tackled by introducing a statistical method to identify col-
lusion and specialization, i.e. the lack of independence,

among the reviewers. Also included in the paper is a brief
description of an experiment where Eick et al. analysed data
from thirteen reviews. The estimation models give indica-
tions that about 20% of the faults are not detected during the
first inspection. Another result is that the indication of qual-
ity that was given by the estimate agreed with the reviewers’
opinion of the inspected documents.

Freimut makes an extensive overview and introduction
to the mathematical theory underlying capture-recapture in
his master thesis [27]. The theory behind capture-recapture
in general as well as for all of the common capture-recap-
ture models is presented.

The paper by Ekros et al. [22] can be regarded as a cri-
tique against using capture-recapture in software engineer-
ing without investigating the underlying model. Ekros et al.
claim that the most important aspect when adapting new
methods to new areas is that of the underlying models. They
identify the absence of investigations concerning model va-
lidity in earlier papers and set out to fill this gap. Three hy-
potheses are tested (1) reviewers find the same number of
faults, (2) faults are equally easy to detect and (3) reviewers
find the same faults. Statistical test methods are derived and
applied to data sets taken from [27][38][60]. The results

Table 2: The classification of the capture-recapture papers.

Theory Evaluation Application

First Author Year Ref. Basic Theory
New

Approaches
Evaluation of

Estimators
Improvements of

Estimators
Estimators
and PBR

Experience
Reports

Eick 1992 [20] x
Eick 1993 [21] x
Vander Wiel 1993 [57] (x) x (x)
Wohlin 1995 [60] x
Briand 1997 [9] x
Ebrahimi 1997 [19] (x) x (x)
Freimut 1997 [27] x (x) (x)
Ardissone 1998 [1] x
Briand 1998 [10] x
Ekros 1998 [22] x (x)
Runeson 1998 [49] x
Wohlin 1998 [61] x (x)
Miller 1999 [35] x
Petersson 1999 [41] x
Petersson 1999 [42] x
Thelin 1999 [52] x
Biffl 2000 [3] x
Briand 2000 [12] x
Petersson 2000 [43] x
Thelin 2000 [53] (x) x
Thelin 2000 [54] (x) x
Biffl 2001 [6] (x) x
El Emam 2001 [24] (x) x
Freimut 2001 [28] x
Wohlin 2001 [62] x
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give no support for any of the three hypotheses. This, ac-
cording to Ekros et al., implies that the used capture-recap-
ture models are not suitable to use when analysing the
software engineering data in their study.

El Emam and Laitenberger, in [23][24], include the con-
cept of using an alternative evaluation measure when inves-
tigating capture-recapture estimators, i.e. Relative Decision
Accuracy (RDA). RDA evaluates how the estimators actu-
ally are utilized within the inspection process, in contrast to
evaluating on only how close the estimations are to the true
value. A contribution to how to handle the problem with de-
pendent reviewers is made by Ebrahimi in [19]. A non-in-
dependent model is presented, where non-parametric kernel
smoothing is combined with a Maximum likelihood estima-
tor to estimate the number of remaining faults. Vander Wiel
and Votta [57], illustrate an approach to improve Mt-ML by
grouping the faults and estimate each group separately in
order to fulfil the assumption. This idea is further elaborated
by Wohlin et al. [60] and Runeson and Wohlin [49] and
originates from White et al. ([59] p. 163). The question of
which estimation model to select in a certain case is inves-
tigated with the help of chi-square tests by Thelin and Rune-
son [54] and is further analyzed by the use of Akaike model
selection criterion by Thelin and Runeson [53].

3.2. New Approaches

During the years of research on capture-recapture within
software inspections, new ideas and suggestions that reach
beyond the mere application of existing estimators have
emerged. This aim is important since the conditions of cap-
ture-recapture in software inspections is in many ways dif-
ferent to the conditions in biological settings. The following
papers have contributed with knowledge that can be classi-
fied as more than only improvements.

Ebrahimi argues in [19] that in the software development
environment, some degree of collusion cannot be avoided.
Since reviewers are selected to cover different aspects of the
document, specialization is unavoidable too. This leads to
that the binomial distribution is not valid to use for estima-
tions of the total number of faults. To solve this, Ebrahimi
models a likelihood function with independent faults but al-
lows for dependence among the reviewers. These unknown
parameters in the likelihood function are estimated using
non-parametric kernal smoothing. To evaluate the estima-
tor, Ebrahimi applies it to two data sets (taken from [21] and
[29]). Both the unmodified data sets and the same with de-
pendence introduced are used. Ebrahimi concludes that the
estimates differ from what Mt-ML produces for the modi-
fied variants but produces similar results when applied to
the unmodified data.

As in [19] Wohlin and Runeson [61], observe that the as-
sumptions of Mt and Mh are unlikely to be valid. Instead,

they introduce two methods similar to the approaches that
use reliability growth models to estimate software reliabili-
ty [37]. Wohlin and Runeson propose methods that are
based on the shape of the data when plotting. This idea is
mentioned in [21] where Eick et al. state that Mh-JK is
equal to “...fitting a k-1 degree polynom... and extrapolating
to estimating [the number of remaining faults]”. In [61], the
inspections data are sorted (and plotted) according to certain
rules and mathematical functions are then fitted to the data.
Two methods are proposed, the Detection Profile Method
(DPM) and the Cumulative Method. In DPM, the plot
shows the number of reviewers that found a specific fault
sorted in decreasing order while the cumulative method
plots the cumulative sum of faults that are found. These es-
timators are then evaluated by comparing them to Mt-ML.
The DPM estimates the best of the three, however, not sig-
nificantly better. The cumulative estimates the worst. The
cumulative method is constructed to make overestimations.
Another approach tested is to combine the three estimators
and use the average as the estimate. However, the average
method does not significantly outperform any of the others.

Biffl and Grossman [6] investigate an approach of utiliz-
ing the information from a second inspection cycle (rein-
spection). They investigate how estimations from two
consecutive inspection sessions should be combined to gain
the most accurate estimate. The best approach was to make
one estimate from the combined data of the two inspection
sessions.

3.3. Evaluation of Estimators

An important part of the capture-recapture research has
been to evaluate (a) estimators designed in biostatistics re-
search (b) new proposed estimators and (c) improvements
and variants of estimators. This has resulted in a number of
papers that evaluate the estimators. As the research has ma-
tured, most capture-recapture researchers agree on that Mh-
JK seems to be the best suited estimator for software inspec-
tions. In addition, some proposed improvements are evalu-
ated in the papers in this section, e.g. DPM, but still many
of these improvements need to be replicated by other re-
searchers.

Vander Wiel and Votta [57] evaluate Mt-ML and Mh-JK
using a simulation. Furthermore, they evaluate confidence
intervals and whether the estimations can be improved by
grouping the faults into classes. The confidence intervals
are Walds and Likelihood confidence interval. Observa-
tions of Mt-ML lead to the suggestion of grouping faults,
which has also been mentioned by White et al. ([59] p. 163).
The parameters of the simulation in the paper have been de-
signed after interviewing over 100 reviewers and observing
over 50 inspections. Vander Wiel and Votta found that (1)
Mh-JK overestimates when reviewers’ detection abilities
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differ, (2) both Mh-JK and Mt-ML have a large bias when
some faults are easy to find and some are difficult, (3) the
bias of Mt-ML can be reduced by grouping the faults into
classes (however, at the cost of an increased variance of the
estimations). Furthermore, they recommend using the Like-
lihood confidence interval instead of Walds, since the
former includes the correct number of faults in most cases.
However, the Likelihood confidence interval is too conserv-
ative, which often leads to broad intervals.

Briand et al. [9] wrote the first research paper where all
four models, presented in Section 2, are described. The es-
timators used besides Mh-JK and Mt-ML are M0-ML, Mt-
Ch, Mh-Ch and Mth-Ch. Briand et al. use data from an ear-
lier conducted perspective-based reading (PBR) experiment
[2] to evaluate the estimators. The main purpose of the pa-
per is to investigate the relative error, the variance and the
failure rate of the estimators when having 2 to 6 reviewers.
Their approach to find the best estimator is to use paired t-
tests [36] of the bias together with analysis of variance, out-
liers and failure rate. They found that (1) most estimators
underestimate, (2) no model estimates satisfactory for 2 and
3 reviewers and (3) Mh-JK is recommended for 4 and 5 re-
viewers.

Runeson and Wohlin [49] conducted a code inspection
experiment to evaluate one improved version of a filtering
approach proposed by Wohlin and Runeson [60]. The pur-
pose of the filtering is to divide the data into two classes,
one class for all faults detected by one reviewer (class 1) and
one class for the rest of the faults (class 2). The faults in
class 2 are used as input to Mt-ML and faults in class 1 are
multiplied with a predetermined factor, which is based on
historical data. The predetermined factor is defined as the
average of the outcome of a number of previous conducted
inspections. The relative error and variance are used for
evaluation. The results are (1) the mean is not improved
with the filtering approach (2) the variance is smaller using
the filtering approach (3) Mt-ML overestimates in all cases.

Miller [35] evaluates the same estimators as Briand et al.
[9], with the exception that Miller uses all Mh-JK’s orders
(1-5) and Mth-Ch orders (1-3). Miller argues that the proce-
dure used to selecting among Mh-JK’s and Mth-Ch’s orders
as implemented in the program CAPTURE [48] is not appli-
cable for software inspections. The results may be that one
of the subestimators might produce a more accurate result
than the full estimator. Therefore, Miller uses all orders sep-
arately in the evaluation. Furthermore, Miller translates the
prerequisites from biology to software inspection terms and
summarizes all closed model estimators used in biology.
The data come from two previously conducted experiments
[32][34], where the purposes were to evaluate tool inspec-
tions and defect-based reading, respectively. The investiga-
tion uses relative error and box plots to evaluate the
estimators for 3 to 6 reviewers. The results are (1) the esti-

mators underestimate (2) Mh-JK order 1 is the best estima-
tor and can be used for 3 to 6 reviewers (3) Mth-Ch (order
1 and 3) might be appropriate to use if many reviewers in-
spect.

Petersson and Wohlin [41] replicated the improvement
approach made by Briand et al. [10]. Briand et al. developed
two criteria to select among a linear model, an exponential
model (DPM) and Mh-JK. Briand et al. called the new ap-
proach enhanced DPM (EDPM). Petersson and Wohlin rep-
licated this approach by using three data sets from
conducted experiments [60][49][47]. Furthermore, they ap-
ply another criterion to be used for choosing between the
linear and exponential model. The purpose was to reduce
the number of outliers. The results do not confirm the results
achieved by Briand et al. [10]. Further results are (1) neither
of EDPM, Mh-JK, improved EPDM can be considered to be
best and (2) EDPM may be suitable for cases with few re-
viewers.

El Emam and Laitenberger [24] investigate capture-re-
capture estimators when two reviewers inspect. They simu-
late inspections to evaluate the estimators M0-ML, Mt-ML,
Mt-Ch, Mh-Ch, Mh-JK and Mth-Ch. As in the paper by
Vander Wiel and Votta [57], they use two classes of faults
(hard and easy to find) together with 48 study points. As
evaluation criteria, relative error, variance, regression trees
and relative decisions accuracy (RDA) are used. RDA
measures whether a capture-recapture estimator is benefi-
cial to use as a decision criterion for reinspection. The input
to RDA is an inspection effectiveness threshold. Two dif-
ferent threshold values are used (0.57 and 0.7), which are
based on code inspections [11]. The results are (1) Mt-Ch
(also known as Chapman) is the best estimator for 2 review-
ers, (2) only Mh-JK and Mt-Ch do not exhibit frequent fail-
ures, (3) Mh-JK is non-robust and produced underestimates.

Briand et al. [12] investigate four specific issues con-
cerning capture-recapture estimation. The evaluation is
connected with the master thesis work performed by Frei-
mut [27]. The purpose of the paper is to evaluate the estima-
tors M0-ML, Mt-ML, Mt-Ch, Mh-JK, Mh-Ch and Mth-Ch
for 2 to 6 reviewers, investigate the impact of the number of
faults and investigate the impact of the number of review-
ers. Furthermore, they also make an analysis of the filtering
method proposed by Wohlin and Runeson [60][49]. Using
the filtering method increases the variance, which makes it
less useful. The evaluation measures for the estimators are
relative error, variance and failure rate. The main results are
(1) Mh-JK is the best estimator and can be used for 4-6 re-
viewers, (2) no estimator is good enough to be used for less
than 4 reviewers, (3) there is a tendency for underestimation
for the estimators and (4) increasing the number of faults re-
duce the variance, but does not affect the relative error sig-
nificantly.
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Biffl [3] uses data from a large experiment [7] to evaluate
capture-recapture estimators against subjective estimations.
The subjective estimations are combined with different for-
mulae in order to merge several reviewers’ subjective esti-
mation into one. In the experiment, each reviewer gave
three estimations, maximum, minimum and most likely
number of faults left. The evaluation measures used are rel-
ative error and standard deviation. Furthermore, confidence
intervals are investigated. The capture-recapture estimators
included in the study are M0-ML, Mt-ML, Mt-Ch, Mh-JK,
Mh-Ch, Mth-Ch and DPM. The results are (1) all estimators
underestimate, (2) Mh-JK estimates most accurate of the
capture-recapture estimators, (3) subjective estimations
have smaller bias, but larger variance and (4) neither esti-
mator has a reliable confidence interval.

Biffl and Grossing [6], suggest and evaluate three differ-
ent formulae to be used for capture-recapture estimators
when reinspections are performed. The approaches are ei-
ther to (a) first combine the data from the inspections and
then estimate, (b) add the number of faults detected in the
first inspection to an estimate of the reinspection or (c) cap-
ture-recapture estimate the first inspection and the reinspec-
tion and then add their results. The data come from the
experiment described in [7]. The measures used for evalua-
tion are relative error and variance. The results are (1) the
best approach is to first combine the data and then estimate,
(2) the estimators improved significantly when this ap-
proach was used. The interpretation of the results is that the
more time used in inspection, the more accurate estimation
results are obtained.

Biffl [7] describes a large experiment (169 students) con-
ducted 1998 investigating several different research ques-
tions. Some of the investigated areas are capture-recapture,
reading techniques (PBR) and reliability models for soft-
ware inspections. The papers evaluating capture-recapture
are summarized and referenced in other parts in this paper.
However, three papers are under submission [4][5] and are
therefore not included.

Wohlin et al. investigate in [62] as in [23], the difficulty
of achieving reliable estimations for two reviewers. Wohlin
et al. present three variants of experience-based methods
and compare them to M0-ML, Mt-ML, Mh-JK, Mth-Ch and
Mh-Ch. The variants of the experience-based methods are
all based on reviewers’ effectiveness. The effectiveness his-
tory is logged either individually, by groups or as an average
of all reviewers. The experience-based methods have less
bias than any of the capture-recapture estimators, but not
significantly lower. The absolute bias of the relative error as
well as the standard deviation is around 20% for the experi-
ence models.

Freimut [27] describes and evaluates many estimators
derived in biostatistics. Most of the results are described in
[12]. Ebrahimi [19] derives a new estimator and makes a

comparison with Mt-ML. It is concluded that since the new
estimator gives different results it may be appropriate to use
for capture-recapture estimations. Wohlin and Runeson
[61] evaluate two curve fitting methods against Mt-ML in
an experiment. The curve fitting method DPM estimates
most accurately, though not significantly better than Mt-
ML. Freimut et al. [28] evaluates the capture-recapture esti-
mators with DPM and subjective estimations. They find that
Mh-JK is the most accurate estimator considering bias and
variance.

3.4. Improvement of Estimators

The evaluation of capture-recapture in software inspections
shows results that encourage improvements. A number of
approaches to improve the estimations have been investi-
gated. Among these, there are model selection approaches,
usage of historical data and approaches that make the data
fit the model assumptions better.

Wohlin et al. [60] conducted the first experiment with
the purpose to evaluate capture-recapture estimators for
software inspections. They observed three main problems
(1) some faults have low probability to be found, (2) if many
faults are found during the inspection meeting, it indicates
that a large number of faults exist, but capture-recapture im-
plies the opposite, (3) if no overlap exists, capture-recapture
does not work. The first two problems are connected to the
assumption of equal probabilities for all faults. Wohlin et al.
continue the development of the idea presented by Vander
Wiel and Votta, i.e. grouping the faults to improve Mt-ML’s
estimates. They identify two possible ways of creating a fil-
ter that divides the found faults into groups. Filter one is
based on the percentage of the reviewers that found a fault.
Filter two selects all faults only found by one reviewer and
then estimates the other faults separately. Faults found by
only one reviewer are multiplied with an experience-based
factor, since no overlap exists. Applying these filtering
techniques, they manage to improve the Mt-ML estimates.

A problem with all estimators is that they have a tenden-
cy to produce extreme under/over estimations. Briand et al.
[10] argue that this behaviour can discourage their use be-
cause of the risk involved in not knowing when such ex-
treme estimations occur. In their study, they evaluate a
selection procedure that, based on certain criteria, chooses
between using an enhanced version of DPM (EDPM) and
Mh-JK. They note that there are cases where DPM makes
large overestimations, e.g. when there are no faults found by
only one reviewer. To avoid this, they let EDPM be based
on an ordering criterion that chooses between using the
original exponential fit or a linear fit. If the goodness-of-fit
of the EDPM’s curve fit is less than a threshold, they select
Mh-JK instead. This approach shows a small overall im-
provement of reducing the outliers.
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Petersson and Wohlin [42] investigate the use of experi-
ence data for capture-recapture estimators. The study ex-
plores the estimation of intervals. They note that the best
would be to find one estimator that always underestimates
and one estimator that always overestimates. These could
be used to (a) provide a 100% confidence interval, (b) pro-
vide an improved estimate by interpolating between the two
limits and (c) improve existing estimators by providing an
interval that cut of extreme estimations. They force the esti-
mators to overestimate in two different ways. Either by add-
ing a parameter multiplied with the number of found faults
(method M1) to Mh-JK’s estimate and use Mt-ML as the
lower limit or by not using limits based on fixed constants
pupper and plower multiplied with the number of found faults
(Method M2). The constants are generated from historical
data. Method M1 improves the bias, but slightly increased
variance. Another result is that the interval managed to cut
the estimates of Mth-Ch to avoid all of its extreme outliers.

Based on the observations, Petersson and Wohlin [43]
investigate two alternative ways of improving DPM. The al-
ternatives are to (a) have a variable point of estimation limit
that is calculated from historical data, or (b) use the deriva-
tive of the curve to determine where to select the estimate.
The derivative thresholds are based on historical behaviour
and are allowed to vary with the number of reviewers. The
derivative DPM managed to improve the original DPM but
is no improvement compared to Mh-JK. A brief investiga-
tion in the study indicates that the derivative DPM can be
further improved if less variant data are used to calibrate the
parameters. The recommendation from Petersson and Woh-
lin is to use Mh-JK together with a simple experience-based
estimator, either derivative DPM or mean bias correction as
presented in [42], and use data from within the company to
generate the experience-based parameters.

Thelin and Runeson [53] evaluate the use of an informa-
tion-theoretic approach in the form of Akaike’s model se-
lection criterion. This statistical method has been utilized
successfully on capture-recapture in connection to biology.
The Akaike method estimates a distance between a model
fitted to the observed data and the true, but unknown, mod-
el. The estimators used in the paper are curve fitting models.
Both linear, quadratic, potential as well as DPM and an ex-
tended variant of exponential curves are used and evaluated
using a number of data sets together with Akaike’s criterion.
The estimators are compared to Mh-JK as a benchmark es-
timator. Their conclusions are that Akaike’s criterion fails
to select the best estimator sufficient number of times to be
useful and no curve fitting method evaluated estimates bet-
ter than DPM. Furthermore, Mh-JK estimates most accu-
rately.

Thelin and Runeson [54] introduce distance measures,
chi-square tests and smoothing algorithms with the aim to
find robust estimators. The purpose of the distance meas-

ures and chi-square tests are to investigate the prerequisites
of the capture-recapture models. The chi-square tests, de-
scribed in [39], are used to design an algorithm with the aim
to choose the best model for each estimation occasion. It is
shown that neither the distance measures nor the chi-square
algorithm could be used for model selection. The conclu-
sion of this is that other parameters are more important than
the prerequisites if accurate estimations are to be achieved.
Some of these parameters are the number of reviewers and
detection ability. The smoothing algorithms use two or
more estimators and calculate the mean, median or chooses
the two estimation results that are closest to each other. The
conclusion is that the smoothing algorithms work well for
the data sets used in the paper.

Vander Wiel and Votta [57] introduce the use of group-
ing faults to better conform to Mt-ML’s assumption of
equal capture ability among the faults. Vander Wiel and
Votta have two types of faults in their study, easy and diffi-
cult to find, which they estimate separately. This approach
give smaller bias, but larger variance.

3.5. Estimators and PBR

Perspective-based reading (PBR) and capture-recapture
have prerequisites that seem to be contradictory. PBR in-
spections use perspectives applied to the reviewers and the
goal is to minimize the overlap of the faults that the review-
ers find. Since capture-recapture uses the overlap to esti-
mate the fault content, PBR may affect the estimation result.
In all investigations, the same conclusion is drawn, which is
that capture-recapture can be used in combination with PBR
with little or no impact on the estimation results.

Thelin and Runeson [52] investigate the impact of PBR
on capture-recapture estimators. The estimators used are
M0-ML, Mt-ML, Mh-JK, Mh-Ch, Mth-Ch and DPM. They
simulate 19 cases with different reviewer abilities. For each
case, two reviewers have low ability and one has high abil-
ity to detect faults. The investigation is made for 3 and 6 re-
viewers and the relative error and variance are used for
evaluation. The result is (1) capture-recapture estimations
can be applied even when using PBR, (2) for 3 reviewers
Mh-JK and DPM estimates best (3) for 6 reviewers all esti-
mators except DPM estimate well and (4) most estimators
overestimate when using PBR.

Freimut et al. [28] evaluate a combination of PBR and
traceability-based reading (TBR) and compare the estimates
against using estimations from reviewers using checklist-
based reading. Furthermore, they investigate which estima-
tor that work best and whether it estimates more accurately
than the subjective approach. The estimators used are M0-
ML, Mt-ML, Mt-Ch, Mh-JK, Mh-Ch, Mth-Ch and DPM.
The data come from an experiment where 169 students in-
spected according to PBR and CBR [7]. The results are (1)
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estimations are not affected if PBR is used, (2) Mh-JK
shows most accurate estimation results, (3) subjective esti-
mations work well, but have larger variance than Mh-JK
and (4) capture-recapture estimators underestimate, even
when data from PBR inspections are used.

Freimut [27] describes the contradiction between PBR
and capture-recapture in his master thesis. Using the data
from two PBR experiments [2][27], the impact of PBR on
capture-recapture estimations are investigated. The evalua-
tion shows that no such contradiction can be proved empir-
ically, i.e. there is no difference between the estimators
when using no reading technique (ad hoc) against using
PBR. The evaluation is made for 3 to 6 reviewers with the
measures, relative mean, variance and failure rate.

3.6. Experience Reports

Few papers report on industrial use and integration of cap-
ture-recapture into their inspection process. As described in
previous sections, there have been controlled experiments
performed in industry but they are outside the classification
of application.

Ardissone et al. [1] describe inspections and capture-re-
capture in general as well as Mt-ML. They report on an im-
plemented tool used for capture-recapture calculations that
has been on trial use in an Italian telecom company. Togeth-
er with the tool, a decision grid is described that determines
the inspected objects future, based on two estimates; one es-
timate for faults that are easy to find and one for faults that
are difficult to find. The distinction of is are made to make
the prerequisites of the Mt model more valid, as in
[57][60][49]. The use of the tool is reported to be adopted
with encouraging results, but includes little quantitative da-
ta.

4. Further Research in Capture-Recapture

The summarized capture-recapture papers have been classi-
fied into three main research directions: theory, evaluation
and application. The main purpose of this classification is to
show how the research has progressed during time. As
pointed out by Redwine and Riddle [46], moving from the-
ory to application takes a long time. Although some issues
need to be further evaluated and some more basic research
need to carried out, the future challenge for capture-recap-
ture researchers is to apply the knowledge gained during the
ten years of capture-recapture research for software inspec-
tions.

In this section, we extract the knowledge gained from the
summaries in Section 3, in order to aid researchers and soft-
ware organizations with common knowledge collected over

the years. Furthermore, examples of important future re-
search based on the papers are discussed.

In the category theory, the main contribution has been to
make the transfer into the software engineering area and
summarize the literature in biostatistics. So far, closed mod-
els have been extensively investigated and described. In bi-
ostatistics, there are still other areas that have not been
explored, e.g. open models and change-in-ratio models
[44]. An interpretation of open models for software inspec-
tions is that faults may be introduced or removed during in-
spection. This has been regarded as not useful for software
inspections, but none has actually explored this subject.
Change-in-ratio makes an estimation using the difference
between the number of faults in several fault classes over
time. This could, for example, be used as risk management
information in a spiral or incremental development process
to estimate the fault content after design using data from the
requirements and the design phase. These are just two topics
needed to be looked into. Other future research points are
listed below:
• Gain further knowledge of the models of capture-recap-

ture and evaluate whether these are appropriate for soft-
ware inspections [22].

• The relative decision accuracy needs to be further evalu-
ated [23][53]. In addition, other measures, which try to
capture important inspection statistics need to be
designed.

• The estimator developed by Ebrahimi [19] should be
replicated.

• The connection between curve fitting methods, their
prerequisites and Mh-JK needs to be investigated.

In the evaluation category, many papers have been writ-
ten to evaluate the estimators. Evaluations have been made
for reading techniques and for different software docu-
ments. The common knowledge in this area is (1) most es-
timators underestimate, (2) Mh-JK is the best estimator for
software inspections, (3) Mh-JK is appropriate to use for 4
reviewers and more (4) DPM is the best curve fitting meth-
od and (5) capture-recapture estimators can be used together
with PBR. There are some papers improving the estimation
results. However, they need to be replicated by other re-
searcher in order to know whether they work in different
settings. Main future research points are to:
• investigate whether one of the subestimators is better

than the full estimator of Mh-JK [35].
• evaluate whether PBR makes estimators overestimate or

not [52]. In addition, other reading techniques than PBR
should be investigated together with capture-recapture.

• replicate suggested improvements, e.g. [10][42][54].
• evaluate the use of confidence intervals for the estima-

tors [3][20].
• investigate capture-recapture for 2 and 3 reviewers [24].
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In the application category, only one paper has been
written, although we suspect that more application investi-
gations have been conducted. Still, they need to be reported
in order to build a body of knowledge of capture-recapture
for software inspections. Another thing worth noting is that
the paper classified in this area does not use any of the re-
search results of the theory or evaluation area other than
[20]. Consequently, the main research in this area should fo-
cus upon transfer capture-recapture into software organiza-
tions and report the results as case studies or surveys.

5. Summary

This paper discusses the status of capture-recapture re-
search for software inspections. In this survey, all available
papers within the area have been summarized. From these
summaries a number of pointers for future research is stat-
ed. The papers are also categorized in order to facilitate oth-
er researchers’ work as well as highlighting the areas of
research that need further work.

Three main categories have been used together with a
number of sub-categories within each main category.
• Theory – Basic Theory, New Approaches
• Evaluation – Evaluation of Estimators, Improvements

of Estimators, Estimators and PBR
• Application – Experience Reports

The most apparent result from the classification is the
lack of papers in the application area. Only one published
paper has tried to apply capture-recapture in an industrial
environment (not including the controlled experiments).
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Abstract

Requirements result from stakeholders’ decisions. These
decisions are governed by hard issues such as the balance
between cost and functionality, and soft issues such as
social processes and organisational politics. The quality of
the decision-making process is crucial as good-enough
requirements is the foundation for a successful focusing of
the available development resources. In this paper it is
argued that research should focus more on Requirements
Engineering (RE) as a decision-making process with focus
on describing and understanding it, and on providing and
evaluating methods to improve and support RE decision-
making. There are many opportunities of fruitful interdisci-
plinary research when combining RE with areas such as
decision theory, decision support systems, operations
research and management science. A number of research
issues are identified and several aspects of RE decision-
making are described, with the aim of promoting research
on methods which can better support requirements engi-
neers in their decision-making.

1 Introduction

Requirements can be viewed as the results of stakeholders’
decisions regarding the functionality and quality of the soft-
ware product to be constructed. Furthermore, the Require-
ments Engineering (RE) process needs staffing, planning,
control, and organisation; all these issues are related to
decision-making. 

There are already existing theories and methods for de-
cision-making in research areas such as decision theory, de-
cision support  systems,  operat ions  research and

management science. The previously established large base
of research results in these areas is a great resource for RE
researchers to take advantage of when conducting interdisci-
plinary research. The objective of the presented work is to
identify both descriptive research issues for understanding
(Section 2) and prescriptive research issues for supporting
(Section 3) RE decision-making.

2 Understanding the RE decision-making 
process

Although certain aspects of RE decision-making may be
specific to RE, there are also many aspects which are gen-
eral. Hence, RE decision-making may in part be explained
using frameworks from classical decision-making theory
[1, 2]. By taking existing frameworks, and relate them to
decision-making in RE, a number of descriptive research
issues can be identified. A number of such issues are dis-
cussed subsequently.

The RE process is communication intensive. The re-
quirements are interpreted and decisions are made in a so
called mutual knowledge exchange process [3]. Many stake-
holders who are involved in the process make a variety of
decisions that ultimately affect the effectiveness and effi-
ciency of the software product. This process is a typical
group problem solving process. A major challenge for RE
research is thus to understand this group process and, based
on this understanding, find efficient ways of supporting
groups of stakeholders in solving the problem of deciding
what to build.

From a management perspective, each ‘requirement’
takes the place of a ‘decision’ [4]. The decision process is
both an evolutionary process and a problem solving activity,
and it involves many decisions that are continuous with sev-
eral levels and review points with iterations. Classical theo-

49
First Swedish Conference on Software Engineering Research and Practise, Ronneby, Sweden, 25-26 Oktober 2001



ries of decision-making in an organizational context
involve three main activities: strategic planning, man-
agement control and operational control [5]. The strate-
gic planning deals with decisions that are related to
policy setting, choosing objectives and identifying re-
sources. Management control deals with decisions relat-
ed to assuring efficiency and effectiveness in the use of
resources. Operational control deals with assuring effec-
tiveness in performing operations. 

Fig. 1 describes RE decision-making in an organi-
zational context [5]. Strategic planning and management
control in RE may include decisions such as: 

(1) scope decisions dealing with whether a requirement
is consistent with the product strategy, 

(2) resource decisions regarding for example if more
effort should be put on RE, and 

(3) responsibility decisions where it is decided who is
responsible for what in the RE process. The require-
ments are designed at the operational level. 

Operational control may include decisions such as: 

(4) quality assessment decisions where it is decided if a
requirement is of good-enough quality, 

(5) classification decisions where it is decided that a
requirement is of a certain type, which in turn may
imply specific actions, and 

(6) property decisions where it is decided that a require-
ment has a certain property or value (e.g., req. X has
implementation cost Y and depends on req. Z). 

These decisions are made in various, inter-related
and overlapping contexts such as: 

(a) customer-specific systems, 

(b) off-the-shelf systems, 

(c) embedded systems, 

(d) safety-critical systems, 

(e) data-base centric systems. 

A number of important research issues are related to
the investigation of the nature of decision types (such as
1-6) in various contexts (such as a-e). Empirical studies
of real projects with real requirements can give us a thor-
ough understanding of types and qualities of decisions,
with the benefit of providing insight into what types of
decisions need what type of support in what context.

Each requirement can be viewed as an information
element that is elevated in terms of quality throughout
development. This view of RE as a continuous process of
asynchronous information refinement is especially sali-
ent in market-driven RE [6]. The “salmon ladder” meta-
phor in Fig. 2 can be used to describe the life-cycle of
each individual requirement in such a process. Each tran-
sition in the salmon ladder implies an operational or stra-
tegic decision. Consequently, RE research should
investigate the nature of these decisions. In order to find
ways of supporting decision-making in RE we need to
understand issues such as: How many requirements are
discarded either too early or too late? How often are re-
quirements specified which are never released? What is
the adequate quality of a requirement before it is allowed
to enter the process? 

3 Supporting RE decision-making

Why does RE sometimes fail? One reason may be that
bad decisions are made by requirements engineers and
managers during system definition. In turn, these deci-
sions may lead to wrong or poor requirements, which
subsequently may lead to a software product not fit for
purpose, which eventually is rejected by the market.
Consequently, a major issue for RE research is to pre-
scribe methods and tools that can support better deci-
sion-making. This includes providing comprehensive
information and stable grounds for timely decisions. For
a complex system with many stakeholders, the amount
of information to be handled by requirements engineers
is immense. Providing structure and overview in this
confusion is a central quest in order to pave the way for
better decisions. Hence, support for measurements on
requirements both for decision making in the RE proc-

Fig. 1. Decision-making in RE at different levels, shown in an organizational context.
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ess and in related processes, such as release planning
and architectural design, is of great interest. Strong sup-
port for visualizing metrics allows requirements engi-
neers to continuously answer questions such as: How
much of the available construction effort is currently
planned for the next software release? Which customer
category will be most satisfied with the current set of
planned requirements? How long does it on average take
for a requirement to go from approved to specified? 

The research on requirements prioritisation [7] is a
striking example of how an old technique from decision
theory - Analytical Hierarchy Process (AHP) [8] - after
adaptation to RE, can support and improve decision-
making in a new context. When adopting existing deci-
sion support methods to the special case of software re-
quirements, it is important to investigate the underlying
assumption of the methods in relation to the RE context.
For example, AHP assumes that decision objects (re-
quirements) can be treated independently, although we
know that requirements depend on each other in various
complex ways. Hence, research is needed on support for
management of requirements dependencies in a cost-ef-
ficient way [6]. A related issue is support for impact
analysis, in connection with changed decisions.

During the proposal of candidate requirements, and
their subsequent approval or discarding (see Fig. 2), the
decision process is characterized by intensive negotia-
tion among multiple stakeholders. Thus, decisions made
during this process are the result of the evaluation and re-
finement of different options. However, often only the
selected option is documented in the requirements spec-
ification and the discarded options are lost. This informa-
tion loss leads to costly misunderstandings about the
options between the different stakeholders and a lack of
support when revising decisions. Rationale methods [9,
10] are used to explicitly capture and manage options,

decisions, and their justifications [11]. Support for nego-
tiation is needed to make sure all relevant positions are
represented and respected. Providing rationale-based
tools to make decision steps explicit can do this. While
such tools have been successful during the elaboration of
complex decisions [12], several issues remain to be
solved, such as training stakeholders and decreasing
overhead.

Support for decision recording is needed once con-
sensus has been achieved. When going up and down the
salmon ladder, many decisions will be re-opened, some-
times without all stakeholders being available. Restruc-
turing of the model produced during negotiation can be
used for recording decisions. However, the restructuring
process (e.g. identification of missing steps or obsolete
decisions) using current techniques is not cost effective.
The issue of cost-effectiveness in decision recording is
hence a key challenge for research.

Supporting traceability between requirement deci-
sions and their corresponding rationale is needed to as-
sess the consistency and the impact of change to existing
decisions based on the existing rationale. While this
sounds straightforward, maintaining traceability is also
an added cost and may not be useful at all granularity lev-
els. 

The available solutions for the issues above have
had little acceptance so far, due to their lack of integra-
tion with processes and tools [13]. Thus, a major issue is
to bridge the gap between group decisions support, re-
cording decisions, and traceability. For an integrated ap-
proach to be accepted by a software development
organisation, a systematic, incremental, and experimen-
tal approach should be adopted. We need to identify the
applicability of solutions and evaluate the cost benefit
trade-offs, reinforcing the issue of measurement on RE
products and processes.

Candidate

Approved

Specified

Planned

Implemented

Verified

Released

Discarded

A new requirement is issued.

The requirement has basic quality 
and is worth spending effort on.

The requirement is specified in 
detail and is cost estimated.

The requirement is planned 
for a specific release.

The requirement is imple-
mented and ready for testing.

The requirement implementation is 
tested and has adequate quality

The requirement is included in the 
product and released to customers. 

Fig. 2. An example of a “salmon ladder” where requirements are decided to be elevated or downgraded individually 
in a continous, asynchronous refinement process.

The requirement is dis-
carded from the process.
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4 Conclusions

Previous research in requirements engineering has to a
large extent been focused on the creation of a specifica-
tion document in a contract-driven development situa-
tion. We argue that interdisciplinary research using
empirical methods is needed in order to describe and
understand RE as a decision-making process in a prod-
uct development context. The major motivation from an
engineering perspective for such research is to provide
the basis for prescribing effective and efficient decision
support. Methods and tools are needed to support areas
such as: decision information management and retrieval,
requirements metrics, requirements dependencies, revis-
ing decisions, and negotiation. 

In summary, the following research areas have been
identified and motivated:

• decisions on strategic level

• decisions on operational level

• decision contexts

• product and process metrics

• management of dependencies

• impact analysis

• decision revisioning

• negotiation

• decision recording

• traceability

These areas should be treated both descriptively and
prescriptively. Research questions of a descriptive nature
can provide a deeper understanding of the RE process
from a decision-makers point of view. Many different
kinds of empirical studies are needed in order to gain
such a deep understanding. Ultimately, prescriptive re-
search may provide empirically grounded guidelines on
what methods and tools to use in what contexts, with a
quantified expectancy on benefits and costs.
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Abstract

When designing a software module or system, a software
engineer needs to consider and differentiate between how
the system handles external and internal errors. Exter-
nal errors must be tolerated by the system, while inter-
nal errors should be discovered and eliminated. This paper
presents a development strategy based on design contracts
to minimize the amount of internal errors in a software
system while accommodating external errors. A distinc-
tion is made between weak and strong contracts that corre-
sponds to the distinction between external and internal er-
rors. According to the strategy, strong contracts should be
applied initially to promote the correctness of the system.
Before release, the contracts governing external interfaces
should be weakened and error management of external er-
rors enabled. This transformation of a strong contract to a
weak one is harmless to client modules. In addition to pre-
senting the strategy, the paper also presents a case study
of an industrial project where this strategy was successfully
applied.

1 Introduction

When designing a software module or system, a software
engineer needs to consider and differentiate between how
the system handles external and internal errors. Incorrect
behaviour by end users and by external systems are typi-
cal examples of external errors. Design and programming
errors are typical examples of internal errors. Such errors
result in faults in the system being built. External errors
have to be be tolerated by the system, while internal errors
should be minimized and the faults they result in should
be discovered and removed.

This paper presents a development strategy based on
design contracts for error management in software devel-
opment. The strategy is based on three principles. One
is to make a distinction between weak and strong con-
tracts. Another principle is the correspondance between
external and internal errors and weak and strong contracts
respectively. The third one is Liskov’s principle of substi-
tutability [2], which implies that a strong contract may be

replaced by a weaker one without harm. This is exploited
by the strategy. It prescribes to first use strong contracts
to minimize internal errors and then weaken selected con-
tracts to tolerate external errors.

During the spring of 1999, a case study was conducted
of an industrial development project where the strategy
described was applied. Some software modules were de-
signed using strong contracts. Towards the end of the
project, some of these contracts were weakened in order to
accommodate external errors in the user interfaces. This
paper also reports on the experiences from this industrial
project.

The remainder of the paper is organized in two major
parts, a strategy part and a case study part, followed by
a conlusion. In the strategy part, the two different kinds
of errors that a software engineer has to face are first pre-
sented and related to strong and weak contracts. Then,
Liskov’s substitution principle and Meyer’s assertion re-
declaration rule [3] are presented and combined, showing
that the transformation of a strong contract to a weak one
is a harmless operation, confirming with Liskov subtyp-
ing. The development strategy, which is to start out with
strong contracts and then weakening selected contracts,
is then deduced from these principles. In the case study
part, the project studied is presented and the experiences
from applying the strategy in this project are summarized.
The conclusion from this case study is that the application
of the strategy gave a positive contribution to a successful
result.

2 Errors and design contracts

This section starts by briefly reviewing the distinction be-
tween external and internal errors. It then summarizes
the principles for design contracts and introduces two cat-
egories of contracts, called weak and strong contracts in
this paper. Finally, a correspondance is established be-
tween these contract categories and external and internal
errors.

2.1 External and internal errors

This paper uses the terms error, fault and failure according
to Fenton and Pfleeger [1]. An error is a dynamic prop-
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erty of an actor, something wrong being done by someone
or something, for instance a user misusing the system, an
external system not responding correctly or a designer mis-
understanding a specification. An error, for instance dur-
ing design or implementation, may result in a fault, which
is a static product property, a deviation from the correct
implementation. A fault may cause a failure, which is a
dynamic product property, implying that the system does
not behave as intended. In brief, an actor may commit an
error, a system may contain a fault and, as a consequence,
the system may fail.

A software engineer has to face external and internal
errors in development work. External errors are errors
committed by actors external to the system. An end user,
for instance, may enter some illegal or meaningless input,
like typing letters in a number field or entering a value
out of range. Similarly, an external system may malfunc-
tion, possibly because of a physical or logical fault. Exam-
ples include external storage device errors and networking
problems.

Internal errors are errors committed by designers or pro-
grammers in the development team. They result in faults
being built into the system itself. These faults should
never have been introduced, and the ones that are should
be discovered and removed as soon as possible.

One important distinction between external and inter-
nal errors is that external errors arise when the system is
used while internal errors arise when it is created. Exter-
nal errors affect the system dynamically from the outside
without modifying the software itself. To maintain system
integrity and user friendliness, these errors should be toler-
ated and dealt with by the system. The internal errors, on
the other hand, are committed by the system designers and
programmers while the system is being developed. They
introduce static faults into the system software. Once in-
troduced, these faults remain in the system until they are
detected and removed, potentially causing the system to
fail even when used correctly. Even if internal errors can
never be totally eliminated, their number should be kept
low and the faults they result in should be detected and
removed.

2.2 Weak and strong contracts

Design contracts are used to define the semantics of oper-
ations and to specify the responsibilities of both the client
and the supplier of the operation. A contract consists
of a precondition and a postcondition [3]. Correctness is
achieved when the client software satisfies the precondition
before calling the operation and the supplier implementa-
tion satisfies the postcondition when terminating. In the
case when the precondition is not initially satisfied by the
client, the supplier is not bound to satisfying the postcon-
dition. In such a situation, the outcome of the operation
is explicitly left undefined [3], [5]. This leaves the sup-
plier the freedom to produce any result, to not terminate
or to abort the execution, to name but a few examples.

The actual choice is a matter of convenience. It is not a
correctness issue but is considered part of the robustness.
The classic example, which will also be used in this paper,
is the stack and the operation top, returning the topmost
element of the stack. This operation may be successfully
completed according to this description only if the stack
actually has a top element.

Two major categories of contracts are identified, called
weak and strong contracts respectively in this paper. The
weak contracts typically have the precondition true, im-
plying that the client does not have any obligations what-
soever. Instead, the supplier must be prepared to han-
dle even meaningless calls, like top being called when
the stack is empty, and the definition of the operation
must prescribe the outcome in such cases. Meyer [3]
refers to this as the tolerant approach to contract de-
sign. The outcome will typically be some kind of error
indication, like a status value being defined or an excep-
tion being thrown. This approach is illustrated in Fig-
ure 1. The notations some property@pre and result =
some expression used in the figure are OCL-notations1

for the value of the property some property at the start
of the execution of the operation and the value returned
from the operation respectively [4].

Precondition: true
Postcondition: if empty@pre

then EmptyException thrown
else result = top element

Figure 1: A weak contract for top

Strong contracts require that the client satisfies a spe-
cific precondition, as shown in Figure 2. The postcondi-
tion only states the outcome in the legal situations, that
is the situations where this precondition was true. Meyer
[3] refers to this as the demanding approach to contract
design or the ”tough love” approach.

Precondition: not empty
Postcondition: result = top element

Figure 2: A strong contract for top

2.3 Relation between contracts and errors

An interface exposed to an external system or an end user
will be called an external interface, and one exposed to
another part of the same system will be called an internal
interface. A weak contract corresponds to accepting input
errors and is suitable for external interfaces, which are

1OCL, the Object Contraint Language, defines a syntax to ex-
press preconditions, postconditions and other assertions. It was ini-
tially defined by IBM and is now included in the family of standards
managed by by the Object Management Group (OMG).
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exposed to external errors. A strong contract assumes that
it is possible for the operation to be called correctly. That
is possible only for operations in internal interfaces, but
even clients to such operations will contain faults resulting
from internal errors.

Applying weak contracts, as illustrated in Figure 1, for
internal errors would correspond to accepting unaccept-
able situations that ultimately result from program faults.
A weak contract allows meaningless calls to a supplier op-
eration. The supplier is required to detect the error and
will return the responsibility back to the client software,
expecting it to take care of the returned error indication.
However, handling this error indication requires as much
effort from the client as assuring a correct call in the first
place.

3 Transforming strong contracts to weak

One powerful property of contracts is that they may be
modified under the control of logical statements. The basic
principle is stated by Barbara Liskov in her principle of
substitutability [2]. This principle is refined by Bertrand
Meyer for class inheritance in his Assertion Redeclaration
rule [3]. The same logic can be applied to the contract
of an operation to predict whether the modification of the
operation will affect the clients or be unnoticeable to them.

3.1 Liskov’s substitution principle

Barbara Liskov stated her principle of substitutability
while relating the usefulness of inheritance hierarchies in
program development to data abstraction [2]:

If for each object o1 of type S there is an ob-
ject o2 of type T such that for all programs
P defined in terms of T, the behavior of P is
unchanged when o1 is substituted for o2, then
S is a subtype of T.

In summary, it states that the type of an object is a
subtype of the type of another object if it is impossible to
observe any difference in behavior when the latter object
is substituted by the former. This property is also wanted
when a contract is replaced by another in a module, since
it allows the client environment of the module to remain
unchanged across the modification. We therefore need a
principle of substitutability for contracts, answering the
question when a contract defines a module to be a subtype
of another.

3.2 Transparent transformations

If a contract defines one module to be a subtype of an-
other, replacing the latter by the former is a transparent
operation as seen from the clients’ point of view. This
corresponds to Meyer’s Assertion Redeclaration rule for
classes [3]. It expresses when an object of a subclass can

replace an object of its superclass without affecting the
clients of the class.

A routine redeclaration may only replace the
original precondition by one equal or weaker,
and the original postcondition by one equal or
stronger.

3.3 Definition of strong and weak contracts

Up till now, the terms strong and weak contract have been
defined intuitively only. Now, they can be defined in a
somewhat more precise way. A contract is strong or weak
relative to another one. That means that a contract can be
stronger than or weaker than another one but no absolute
measure of ”strongness” is defined. Our definition of when
a contract is stronger than another is given below:

If two contracts obey the Assertion Redeclara-
tion rule of Section 3.2, then the original con-
tract is said to be stronger than the redefined
one.

This definition automatically implies that the transfor-
mation of a contract to a weaker one follows the Assertion
Redeclaration rule. Such a transformation is transparent
to clients of the operation since it does not affect their be-
havior, as paralleled by Liskov’s principle of substitutabil-
ity.

3.4 Development strategy and expected effects

The main principles discussed so far are summarized be-
low.

• External errors should be managed by the system.

• Internal errors should be minimized and the faults
introduced identified and removed.

• Weak contracts are useful for tolerating external er-
rors.

• Strong contracts are useful for detecting and removing
faults introduced by internal errors.

• Strong contracts can be weakened without affecting
their clients.

Combining these observations, we propose the following
development strategy.

When developing a system with external in-
terfaces, start out with strong contracts for
all operations and equip the operations with a
contract violation detection mechanism. Then
weaken selectively the contracts of the exter-
nal interfaces to tolerate external errors and
add robustness in the external interface.
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A discussion of contract violation detection mechanisms
is outside the scope of this paper, but inspections and run-
time monitoring are two relevant alternatives. They may
be used alone or in combination. Similarly, a discussion of
alternative techniques for contract weakening is also out-
side the scope of this paper. The alternatives include mod-
ification of the interface, inheritance and wrapping.

The proposed strategy focuses on correctness and con-
tract conformity. The primary expected effect of this is
a decrease in the number of faults. It also focuses on a
consistent use of strong contracts. An expected effect of
this is a lower product complexity, which in turn is ex-
pected to reduce both development time and the number
of faults. As a result of the reduced number of faults, the
time spent on testing and fault correction is also extepted
to be reduced. The final weakening of the contracts will
probably contribute to some increase in development time,
but planning for this weakening should minimize the extra
effort and time needed. This increase in time should also
be compensated for by the savings mentioned. The case
study reported in the rest of this paper supports these ex-
pectations, but more research is needed to draw decisive
conclusions.

Internet

Business logic and database storage

Dynamic server page generator
(DSPG)

Client
browser

Interface defined
by contracts

Figure 3: Architectural overview of the system

4 Presentation of the case study

As mentioned initially, a case study of an industrial project
where the strategy presented above was applied has been
conducted. The remainder of this paper presents the case
study and the experiences gained from it. This section
starts by an overall presentation of the nature and archi-
tecture of the software system produced in the industrial
project. It then identifies the nature of the interfaces in
the system and presents the contracts used initially by one
of the system modules.

4.1 Overall system description

The system produced by the project studied is a wap2

server that also includes a web interface. It uses dynamic
server pages technology to allow the end users to access
and modify user defined menu structures in a data base
hosted by the server. Access to the system is through wap
enabled telephones or through standard web browsers, at
the user’s discretion. The parts of the overall system ar-
chitecture of relevance to this paper are shown in Figure 3.

The project was of medium size. It involved about 10
persons, most of them full time, for a period of 6 months.
The size of the resulting software produced during the
project is 15,800 new lines of code, including comments
and empty lines.

The whole system consists of a client browser and the
server system, the latter being divided into the dynamic
server page generator (DSPG) and the business logic and
database storage. The user interacts with the system by
selecting a menu alternative or by clicking on a button in
the wap or web pages displayed in the browser. A user
command is transformed into a URL with parameters and
transmitted across Internet. On the server side, a dis-
patcher transforms it into a call with parameters to an
operation in the DSPG module. The business logic part
supports this module with tailored operations on the data
structure, which is stored in the database.

Much of the functionality in the system consists of rou-
tines to allow the user to manipulate the menus to be used
from the wap telephone. A user will define menus contain-
ing his or her most common telecom services or links to
frequently visited wap or web pages. These menus are pre-
sented as a line oriented series of choices. The operations
the user can use to configure the wap menus include op-
erations to add a new menu selection, to move a selection
within a menu to another menu, to define the details of
a selection and to remove a selection. The user can also
define new menus, link menus to each other and delete
menus.

2Wireless Application Protocol, a standard for providing Internet
communications on digital mobile phones and other wireless termi-
nals
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End user

Client Browser DSPG Business Logic

 call operation(s)

 call operation(s)

 display next screen

 display start screen

 selection info

 login info

 next screen

 start screen

*[till finished] select operation

 login

Figure 4: Browser/server interaction

4.2 Identification of interfaces

Three principal interfaces can be identified in this archi-
tecture. One is the user interface, represented by the wap
and web pages in the client browser. The next one is the
server interface, managed by the DSPG. Finally, there is
the business logic interface. Of these, the first one is an
external interface and the last two are logically internal
interfaces, since they are under the direct control of the
software. In this setup, the user may only call the op-
erations and supply the arguments defined by the current
browser page, which in turn is defined by the DSPG. These
interactions are illustrated in Figure 4.

4.3 The initial choice of contracts

Consistent with the strategy proposed in this paper, the
interface to the business logic module was defined with
strong contracts. The module contained 17 classes with
a total of about 70 public operations defined using strong
contracts. Including support operations, this accounts for
about 6,000 lines of code, including comments and empty
lines, or about 40% of the total code size. The contract
for the operation to retrieve the details of a menu selection
can be taken as an example. It is shown in Figure 5.

Precondition: the item exists in the menu
Postcondition: result = details for item

Figure 5: The contract for retrieving the details for a menu
selection

According to the contract theory, the implementation of
this operation will assume that the item is actually present

in the menu, so this condition will not be checked by the
code. The resulting implementation is illustrated by the
pseudo-code in Figure 6.

loop from first item
compare current item with parameter

until parameter item found
return the details of the current item

Figure 6: The pseudocode for retrieving the details for a
menu selection

This implementation is consistent with the precondition,
which states that the item searched exists in the menu.
That implies for instance that the menu contains at least
one element, so the loop will run at least once. It also
implies that there is no need to check for the end of the list,
since the element searched will always be found before the
end of the list is reached. Also consistent with the contract
principle is the fact that there is no strategy to recover in
case the precondition is not satisfied. It is assumed to be
satisfied.

5 Experiences from strong contracts

This section summarizes some experiences from the ap-
plication of strong contracts in the business layer of the
project. It starts with a description of how the focus on
correctness allowed a fast implementation of the business
logic part. This is followed by a report on three effects
of the strong contracts on the programming of the DSPG
software. Thanks to the strong contracts, an error de-
tection mechanism could pinpoint violations made by the
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DSPG programmers. They soon learned to respect the
contracts and this helped them to keep the number of
faults introduced in the system down. Strong contracts in
combination with some kind of violation detection mech-
anism showed to be a strong tool for correctness. During
testing, the system also exhibited a more stable failure
profile than an earlier, comparable project.

5.1 Focus on correctness

As usual, the project was under time pressure, and the
business logic part was essential for the DSPG part to
progress. Two designers were assigned the responsibility
to produce the business logic part. After an initial phase
settling the design principles, the contracts for the oper-
ations were defined. After that, the operations could be
rapidly implemented, focusing on correct functionality and
avoiding error checking of input parameters. The imple-
mentation assumed that a precondition that was stated in
the contract was always satisfied. This procedure allowed
a fast and fault free implementation of the module. Only
on two occasions after the internal delivery to the project
were minor adjustments needed in this part of the system.

5.2 Use of violation detection

With the finished business logic module, the DSPG pro-
grammers could progress. In this stage, the project took
advantage of the potential in the contracts to detect and
signal contract violations. The error checking mechanisms
in Java were exploited to detect contract violations. The
business logic module had no error checking in it, but as
soon as a precondition of an operation was not satisfied,
the operation would perform some kind of illegal opera-
tion, for instance indexing an element out of bounds or
attempting to reference an object through a null pointer.
This would be caught by the built-in error control in Java.
Typically, the program would then crash with a run-time
exception.

5.3 Client programmers conforming to the rules

To start with, the information to the DSPG programmers
about the strong contracts used was insufficient. Being
used to less strict function definitions, they did not pay so
much attention to the details in the calls and frequently
made the error to violate the preconditions. Since viola-
tions of the preconditions caused the program to crash,
they could not progress with their work until they con-
formed with the contracts. This, of course, caused a lot of
frustration and was a very strong motivation to study and
conform with the rules set up and to produce fault-free
code.

5.4 Absence of errors in the client modules

All the frustration and system crashes were not in vain.
Two facts could be noted. One, already mentioned, was

that the business logic software produced the correct re-
sult. Only two faults were reported during testing and
both were easily corrected. The other fact is that even
the DSPG software was free from faults in its communica-
tion with the business logic part. The programmers made
fewer and fewer errors and the faults that existed during
development were rapidly discovered and removed during
module testing.

5.5 Stability with respect to failures

During system testing, if a module had a fault, it was dis-
covered during the early test cases. If for instance ten test
cases were run without failure before delivery, subsequent
test cases run by the customer were also failure free. This
is different from earlier projects not using contracts, where
ten test cases could be run without failure but later test
cases run by the customer after delivery could experience
transient failures, revealing a fault. For the project re-
ported in this paper, transient failures were not a problem
and new faults were normally not discovered after delivery.

6 Weakening the contracts

Some of the operations defined by strong contracts were
exposed to external errors through an interface accessible
to the end users. These operations therefore had to use
weaker contracts in the finished product. The change from
strong to weak contracts was done late in the project. The
operations, whose contracts needed to be weakened, as
well as the weakening strategy chosen are presented in
this section. After that, the experiences gained during
this process are presented, showing that the weakening of
the contracts did not cause any noticeable problems.

6.1 Identification of contracts and strategy

The first step was to identify the contracts that needed to
be weakened. The end user interface, as it appears in the
wap or web browsers, are under the control of the system.
This forces a correct use of most of the operations. How-
ever, the calls from the client browser to the server pass
as standard URL strings that may be entered or repeated
by the end user, potentially producing an illegal call to
the server. Therefore, the operations accessible directly
from the Internet interface were the candidates for weaker
contracts. The project identified 16 such operations.

Two main strategies were considered to make these op-
erations tolerant to external errors. One was to implement
explicit inquiry operations for the contract preconditions
and implement a wrapper module with the weaker con-
tracts. The other was to modify the operations themselves.
The first strategy was the most modular one, but the sec-
ond one was chosen. The main reason for this choice, was
that it could be implemented faster. The modification
to weaker contracts had not been anticipated sufficiently
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early, so there was no support for the first strategy in the
module and there was no time to implement it.

6.2 Experience from contracts weakening

With a strong contract, all the input conditions that do not
satisfy the precondition are invalid. When the contract is
weakened, some or all of these conditions are defined to be
valid and special cases are added to the postcondition to
specify their result. The implementation of the operation
must then be modified to take care of these extra cases ac-
cording to the new postcondition. The project confirmed
that this could be done and that the modified operations
did not affect existing client code that already satisfied the
stronger contract.

6.3 Adaptation of client modules

The contracts were weakened by specifying that some ex-
ceptions should be thrown in the new special cases now
allowed in the preconditions. In order to accommodate
external errors, some client code was modified to catch
the new return situations defined by the new postcondi-
tions. This was easily done by adding code to catch the
exceptions thrown and display a user message stating that
the call was not valid. All these modifications were easy
to control and did not cause problems or introduce new
faults.

7 Conclusions and furher study

We have presented a strategy based on design contracts
for error management during software development. The
strategy states that the development of a subsystem should
be based on strong contracts in order to identify and elim-
inate internal errors. Before delivery, the contracts for
subsystems with external interfaces should be weakened
in order to tolerate external errors. The strategy is based
on the mapping that exists between contracts and errors,
where weak contracts are appropriate for interfaces ex-
posed to external errors and strong contracts are appro-
priate for interfaces exposed to internal errors. As an
extension to Liskov’s principle of substitutability, rules
were provided for the transformation between strong and
weak contracts. A strong contract can be substituted by
a weaker one without affecting the clients of the opera-
tion defined by the contract. This is based on the same
reasoning as Meyer’s Assertion Redeclaration rule for sub-
classing.

We have also presented a case study of an industrial
project where the strategy was successfully applied. The
interface to the business logic module was defined with
strong contracts. This proved efficient in keeping down
the number of faults in both the business logic module
itself and its clients. It also contributed to making the
system stable with respect to failures with few transient
failures both before and after delivery. Late in the project,

the contracts of the operations accessible to the external
user interface were weakened to tolerate external end user
errors. The adaptation of the implementation to these
weakened contracts did not introduce new faults.

The expected effects of the strategy is a total gain in
time and quality, as presented in Section 3.4. Although
the case study supports the positive effects of the strategy,
more research is required to be conslusive.
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