20 Years of Teaching and 7 Years of Research:
Research When You Teach

Mike Holcombe, Christopher Thomson

University Of Sheffield
Regent Court, 211 Portobello Street, Sheffield S1 4DP, UK
{m.holcombe,c.thomson}@dcs.shef.ac.uk

Abstract. There are constant and increasing pressures on the time of all
academics to provide top-class teaching. As many researchers have found this
invariably leads to a drop in both research quality and quantity. At the
University of Sheffield our pioneering observatory project shows how much
needed empirical research can be combined with the teaching of software
engineering. We present an overview of our research in this area which has
investigated the effect of development methodologies, human factors, and more
recently formal methods. We also briefly discuss our general methodology and
point to further sources of information. It is our intention that this paper should
provide a starting point for other researchers to use empirical techniques to
validate their research in the own areas whilst teaching.

1 Introduction

There is growing pressure on academics to deliver both world class teaching and
research across the board. In the UK this is as a result of: a more competitive
recruitment environment; the introduction of student fees; and the research
assessment exercise. As a result academics are spending more time on teaching and
administration tasks whilst still trying to publish good quality papers on a regular
basis.

At the University of Sheffield we have demonstrated that it is possible to combine
subject teaching with the production of high quality research. This sleight of hand is
possible by collecting empirical data to support our traditional research area.
Empirical software engineering is the practice of collecting evidence that supports our
claims for the technique or method devised. The good news is that with some
creativity this research can be applied to most computer science subjects!

Our goal has been to devise experiments that can be used to assess the software
engineering ‘crunch’ question: does the proposed technique work in real projects?
We have achieved this through several innovative teaching courses which were
devised twenty years ago. These courses focus on providing the students with a large
scale project and real client, thus motivating the students and providing a valuable
learning environment. It was as a result of changes to these courses seven years ago



that we realized that we could use them to see how methods were used on real
projects.

The remainder of this paper: introduces the field of empirical software engineering;
describes the courses and how they are taught; gives an overview of our research to
date; and describes our research methodology.

2 Empirical Software Engineering

Empirical software engineering is the process of collecting evidence to show the
value of some software engineering technique. The goal of this type of research is to
amass suitable evidence that is convincing for the target audience of the research [1].
This may be to encourage take up of methods in industry, in which case the evidence
should provide appropriate information for business leaders to allow an informed cost
benefit analysis to be completed.

The empirical process is typically one of two types of experiment: observational or
interventional. An observation study consists of a number of observations of software
engineers using the technique under study. This type of study is typically used to
discover or highlight things that may be of interest, such as Pfleeger and Hatton’s case
study which inconclusively showed that there was a marginal benefit to using formal
methods [2]. Intervention studies compare two groups of developers that using
contrasting techniques whilst trying to keep as many of the other variables under
control as possible. This type of study is typically used to show that one technique is
superior to another given the starting conditions, for example Sobel and Clarkson
showed that students who had formal methods training and used those formal
methods developed better software [3].

Empirical software engineering is still a growing discipline, with many of the
standards not yet agreed or widely practiced. Several recent survey papers aggregate
much of the knowledge to date [4-6]. In particular Zannier et al. indicate that whilst
there have been improvements in the quantity of papers using empirical data, the
quality of the analysis is still lacking [4]. Further more Hannay et al. indicate that
there is little use of theory in explaining the outcomes of the research [5].

To be most generalizable empirical studies need to use subjects (the developers)
from the population (for example professional developers in large companies) where
you want the results to be valid. However it is not unusual to use students and student
teams as subjects in empirical investigations [6]. The reasons for this are two fold,
firstly some experiments have shown that in certain situations there is no significant
difference between results obtained from students and those obtained from
professionals [7, 8], and secondly the ready availability of students allows us to test a
hypothesis at a low cost before approaching industrial partners.

The issue of cost is significant in any empirical study, as rewarding subjects for
their participation can get costly, even when they are not actually employed [9], and
may affect the results if not done carefully. This means that many of the studies in the
literature are conducted over short time spans, and within very controlled
circumstances. By applying such controls small sample sizes are more likely to give
significant results, which are easily interpreted. However these results can fail to take



notice of real world pressures that exist in larger projects, so whilst a technique can be
shown to be superior on paper it may not work in practice in combination with other
effects [9].

Larger and less controlled projects model the real world more precisely but are
prone to ‘confounding factors’. These are the effects of uncontrolled variables in the
experiment, which may either make results insignificant, or worse cause the
interpretation of the hypothesis to be invalidated. Such larger studies are therefore
most suited when a large number of subjects are present and the techniques which
maybe used are constrained and possibility assessed. In many cases this is already
done as part of the assessment of degree level courses.

3 Twenty Years of Teaching

A practical approach to the teaching of software engineering has been a feature of the
degree courses at Sheffield for over 20 years [10-12]. Group development projects
were introduced into the 1st and 2nd year in the late 80s. Formal methods and discrete
mathematics have also been taught in the 1st year from the same period. The formal
method chosen was Z and this has been a feature of the 1st year curriculum until very
recently, supported by tools such as CADIZ [13, 14].

A key development early in this period was the move to involving 'live’ clients in
the 2nd year project class[12]. We introduced, each year, local business clients who
then worked with the student teams on a key business problem and possible software
solutions. Typically we would have each client working with 4-6 teams on their
problem over a 12 week Semester (alongside their other courses). The teams would
carry out business analysis on the client's business (we use the word business in a
general sense, some of the client's organizations were charities, public sector
organizations as well as commercial businesses) examine the 'business' objectives of
the client and seek to identify requirements for a software solution, implement the
solution and deliver it to the client. The client then evaluates all the solutions from the
teams and chooses the 'best' which is then used in the client's organization. The
winning team receives a small cash prize.

The discipline of building real solutions for real clients has transformed our
knowledge of software engineering and the way we teach the subject. It has also
enhanced our students experience to such an extent that employers are queuing up to
recruit our graduates into very highly paid jobs.

This discipline, of building a real system, is a major shock to the beliefs and
perceptions of academic software engineering teachers. Two very important issues
confronted us immediately:

1. clients do not know what they want - requirements change quite dramatically
during projects and this phenomenon lasts for several weeks

2. quality solutions are essential - we cannot deliver software that is full of bugs if it
is to be used by the client in their business on a regular basis.

These critical issues focus the attention on two important processes:
—  requirements capture and the maintenance of the requirements document;
— and quality assurance and testing.



Initially we encouraged students to use Z to formalize their requirements and UML to
express their designs [15]. Unfortunately no team in our course that produced a
complete and valid Z specification ever produced any working software. The UML
designs were not maintained in the light of requirements 'creep' and provided little of
value to the teams - investigations revealed that they produced these artifacts because
we asked for them not because they helped in the development of a high quality
solution.

Z has always been a topic that the majority of students disliked - they found it very
hard to create high quality specifications for real software systems. Z has not been
designed to make it easy to change as the requirements changes and it raises the
question of whether this sort of model is ever relevant when the requirements are
dynamic - as they are in most real software projects. Clients are unable to provide any
feedback on a Z specification. A specification might be helpful in building test sets if
it was up to date but test generation is not straightforward with Z [16, 17].

The UML suffers also from these problems - the diagrams are difficult to maintain,
there is limited understandability with clients and little value for building tests [18].

These issues led us to develop a simple to use, lightweight formal method that
produced specifications that could be changed during requirements elicitation easily;
it could be understood easily by developers and clients and provided a basis for the
generation of powerful system tests.

To do this we took some inspiration from hardware design where state machines
have been a key component of the design process for many years and were test
generation from state machine models is a well researched area. State machine are too
simple for software systems and we have evolved notations and tools to support the
use of more general machines - X-machines and later Extreme X-machines (XXM)
[19-21]. These are now a key component of the agile methodology that we use in both
the 2nd year Software Hut course and in the 4th year Genesys Solutions course -
Genesys is a commercial software company run from the University's campus [22].

Initially we introduced X-machines in the 4th year and many students commented
that this formal method was so much easier to use and much more valuable than Z so
why did we still teach Z? This has resulted in the replacement of Z by X-machines in
Year 1.

4 Seven years of research

There were never any formal experiments contrasting the use of Z or not - these
would have been possible - but we were more concerned with delivering the client
something.

We started to experiment when we introduced agile methods, following the
Extreme Programming (XP) principles [23]. We introduced an agile approach because
we did some maintenance in Genesys and found that the UML was completely useless
- it did not describe the final software at all since it had not been updated as the
project went along.

Introducing XP was risky and we did it with half the class, the rest using traditional
design-led approaches. Looking at the results from these experiments (Macias - who



found that there was a slight, but measurable quality premium in using XP [24, 25])
we concluded that XP had some advantages - this was confirmed in further
experiments (Abdulla - who discovered that teams that used XP well had a higher
well-being [26-29]).

Since most of the projects done tend to be dynamic in the sense of the requirements
changing, an agile approach - backed up by the lightweight formal method XXM have
been appropriate and successful [22]. Some successful projects have been done using
a more traditional approach but these have generally been where the requirements are
stable - the most notable example is of a system that had been the subject of a contract
with a commercial software house who did not deliver any software to the client - the
requirements elicitation process, however, had been completed.

Having analyzed XP as a complete method we realized that there was a high
degree of variance between the teams, often because they applied the approach
differently. Therefore our continued experiments have examined individual issues in
closer detail, but still within the wider projects. These observational studies have
served to enhance of understanding of the variance and its place within a wider
context.

Casual observations of the teams suggested that the quality of the delivered project
was as dependant on the interactions between team members as it was on the method
they followed and their skill. This led to detailed observations of the interplay of
different personality types in development teams. Selected teams were observed in
meetings throughout the project, to allow the creation of a detailed picture of team
and individual behavior. Initial findings indicated that certain personality types do
have a positive, negative or a combination of both effects on the well being of a
software engineering team. In particular the results indicated that a team without
sufficient discussion on pertinent issues runs the greatest risk of encountering serious
project problems [30-36].

It is frequently observed in the popular press that changes to a software
development project often lead to the failure of the software under development.
Therefore a further study sought to gather evidence of theses changes within our own
projects. This research found, unexpectedly, that the frequency of the introduction of
changes followed a Rayleigh curve. Whilst this did not translate to the amount of
developer effort spent in making changes, it offers an avenue for improved
predictions [37].

Most recently we have been comparing the effects on product quality of testing
early (at the time of coding) with testing later (shortly before delivery) in projects
where the XP process was otherwise followed. In or student groups we found little
difference between the two groups, in both cases an increase in time testing lead to
higher quality software. However those using the test early approach invariably spent
more time testing, thus delivering better software [38]!

5 Empirical Evaluations of Formal Methods

Extreme X-Machines (XXM) have become a feature of our software development
courses allowing some empirical investigation of how they were used by the students,



and also allowing for empirical evaluation of some of their properties. Two studies
have been previously published of our experiments involving XXM [22, 37, 39].

Our first (informal) study investigated the adoption of XXM on our courses [22,
37]. In this study two forms of data were analyzed the XXM produced by the students
and information collected from debriefing the students at the end of the projects. After
first group used the XXM technique it was found that the students had trouble
visualizing their systems as XXM. This was addressed by creating more examples, a
more detailed tutorial, and a tool to help draw the diagrams. Further analysis showed
that XXM could potentially work well in an XP development environment, which led
us to investigate this more closely.

In our second study we proposed a metric which is easy to collect when XXM are
used in the design process [37, 39]. This study utilized a set of diagrams which were
produced with the tool; as such they were more uniform which allowed for a
structured analysis technique. A formalized explorative observational cross-sectional
study uncovered examples of the changes made to the XMM. Additionally the student
teams were interviewed weekly to record the changes that had been made during
client meetings. It showed that the frequency of XXM changes overtime followed a
Norden/Rayleigh curve that was derived from recording the changed functionality
proposed at the client meetings. Thus demonstrating the ability of XXM to capture
real changes to the project and leading us to conclude that they provided an easy way
to measure such change.

A current study is investigating client comprehension of various diagrams used by
software developers to communicate their understanding of the system requirements.
In this study two UML diagrams (use cases and activity diagrams) and an XXM
diagram which represents a recently commissioned system will be shown to each
client. The client will then be asked to evaluate the diagrams and provide feedback as
to which diagram best describes their system.

6 Devising an Empirical Study in the Classroom

Experimenting in the classroom can be tricky if it is desired that the results of the
experiment have strong validity in other contexts. We believe that these problems
outweigh the benefits of being able to study projects in detail over a long period of
time [40].

The first step is to identify a potential data set. All of our research has taken place
in modules where the students have worked in teams over a long period of time (of at
least 12 weeks at 15 hours per week). For the majority of the projects the students
have also worked with external clients developing software that was actually put into
use. Such realism is essential if we are to claim that our results are generalizable to a
larger population. However more restricted projects could be used in order to provide
initial results and fine tune the experimental method used.

Having found a data source an appropriate research question should be raised. This
must take account of both the research and teaching objectives [7]. So if your
proposed research area was to validate the use of a formal method, it would be best
within a teaching module that was concerned with using the method. We have found
that students can be particularly resistant to using a method if they see no clear use for



it and also if they find its use is unsupported by appropriate educational materials.
Indeed if the students resist the method to be studied strongly it may indicate that
further development is needed. Some students are also dubious about methods and
techniques that they do not see being used widely in industry — they look at the most
common job adverts in the computing press and this influences many of their
attitudes.

The next step is to define an experiment that will answer the research question.
There are now several published guidelines for empirical research and reporting,
Jedlitschka summarizes them and proposes an aggregated set of guidelines for
controlled experiments [41], whereas Kitchenham has published a more general set
[42]. However there is still continued debate on the best methods [43]. Intervention
experiments are probably the hardest to achieve in the classroom setting when the
experiment spans many weeks as it is difficult to control and record the different
factors that affect each of the teams. However such experiments allow the effects of
different techniques to be compared. In all cases if a statistical method is to be used it
is wise to consult a statistician prior to the conducting experiment in order to validate
the design and ensure enough data will be available.

Data collection is rarely straightforward, at a simplistic level we archive the team’s
working documents every week for later analysis, but this often conceals items of
interest that are not recorded in this way [37]. Therefore the teaching staff also
interview the students each week in the guise of a management meeting, these notes
are recorded both for assessment and as a guide to explaining the collected documents
where important information is missing. However it is not ideal to ask pure research
questions in these meetings as these are more likely to introduced instances of the
Hawthorn or Pygmalion effects [44-47]. These are where the people under study
adjust their behavior to match the expectations of the experimenters. It is therefore
preferable that the students should be focused on developing a project, as opposed to
the research. We have aimed to overcome this by utilizing separate researchers (both
PhD students and post-doctoral researchers) to carry out additional tasks such as
distributing questionnaires, recording team meetings, and interviewing students on
research specific topics. We know that we are doing this right when the students
object to the interference of the researchers!

When the data has been collected it will need to be measured by some method. In
the case of many standard surveys used there will be a defined way of calculating this,
for your own you should consult your statistician. For documentation and interview
notes a structured analysis technique such as grounded theory may also be helpful
[48]. In the case of software artifacts there are a large number of defined metrics [49],
for popular metrics and languages (for example: Java and the CK metric set [50, 51])
software tools have been defined to calculate these. However such metrics are often
poorly suited to some research questions and so must be selected with care. In
particular we have found the use of lines-of-code based metrics to be unhelpful
whereas design based metrics have been more useful.

We are continuing to carry out research in alongside our teaching in the coming
year we hope to be able to publish details of our experiments into: the comprehension
of XXM diagrams by client; the effect of conflict on software engineering teams; and
the relationship between motivation and team performance.



7 Our Method of Data Collection

At the University of Sheffield we have devised through experience a system of data
collection that forms the basis for each of our experiments.

The main method of data collection is though a systematic collection of the teams’
working directories. These are collected and archived on a weekly basis. This is in
contrast to other research where this data has been collected through CVS [52, 53].
We found that the students used CVS in such away that summary data (as supplied by
CVS) could not be trusted, we also found that there was a strong weekly cycle present
where the CVS archive would be updated often by a single member on a regular day
[37]. Informal interviews and student feedback also showed that they spent significant
time learning CVS for little personal benefit. Therefore, as there were no research
benefits to using CVS it was abandoned in favor of the weekly collection.

Having collected the files from the teams’ directories various analyses were
performed. The nature of the analysis was closely related to research questions
understudy, however the most commonly calculated measurement was the lines of
code produced this being calculated for performance over the whole development
period and on a weekly basis [24, 37, 38]. In the case of the studies into XXM the
changes made to the diagrams produced were identified and recorded on a weekly
basis. In order to complete these tasks some simple command line tools were
produced to automate repetitious activates, although much of the analysis was made
by hand.

To support the measurements made on the code a tool was produced to record the
development process that the teams followed. Whilst the teams were supposedly
following well known methodologies it was clear that these were never followed
closely [26]. The tool allows the developers to self document their process by
recording minutes, tasks, diary entries, time sheets and story cards (following the XP
methodology). The researchers can then search this data easily, with the additional
benefit of being able to track changes to these documents.

Students however don’t always run a project as expected, so it was necessary to
collect further supporting evidence manually. Much of this process has been project
specific to address particular research questions; however three methods of collection
have been used successfully. Thomson and Huang both used short weekly interviews
when collecting data to ensure that process information was not forgotten, in addition
they also referred to the weekly summaries that the project managers (lectures) made
after meeting the students [37, 38]. Much of Karn’s research was focused around
meeting observations where detailed notes were made of the subjects interactions
[31]. Lastly both Karn and Syed-Abdullah used interviews and focus groups with
individuals and teams at the end of the development projects to collect information
[26, 31].

In order to place our work within the broader literature we have also found it
necessary to use well known instruments. The most extensively used of these was
Warr’s well being measurement, with the Belbin, Myers Briggs and Big 5 personality
tests also being used [54-57]. On occasion we have also devised our own
questionnaires to collect specific data necessary to evaluate the research questions.
However we have found that the students are reluctant to complete questionnaires, as
a result we are cautious when evaluating these results.



Our final source of data is the marks that the students are awarded for their
projects. In the case of the Software Hut these are especially useful as 50% of the
marks are awarded by the client. The marks are used to derive two measurements:
internal quality (based on marks awarded by the lecturers) that describes the quality of
the code and process; and external quality (based on marks awarded by the client) that
describes the quality of the product.

8 Experimental Setup

Our primary source of experimental data is derived from the Software Hut project.
In this project the students are allowed to self-select their teams which are between 4
and 6 students in size. In the case of an experiment where treatments are compared
the teams are allowed to choose the treatment numbers permitting. This allows us to
split the class without any ethical concerns (about one group having an easier method
than the other). In the case that the experimental design calls for observations or the
completion of questionnaires we allow the students to opt out if required.

The development projects and clients are selected randomly from a list of potential
clients who apply to work with the project. Typically we accept three clients for each
presentation of the course, distributing the teams among them evenly, based on the
preference of the teams. We place no restrictions on the teams on the technology or
techniques that they use, other than those which are understudy. As a result we have
projects completed in a variety of program languages with a selection of supporting
materials.

Where a longer study is required we typically use the Genesys project. By running
over 37 weeks as opposed to 15 (including vacations) far larger projects can be
tackled. In this environment the teams are selected to give a mix of skills and ability
in each in each team. This ensures that the teams are more comparable; however each
team completes a different project which each of which is of different complexity.
Once again the students are free to select any tools and techniques which not part of
the experiment.

9 Conclusions

Over last twenty years we have developed a set world leading courses where
students on our degree program apply what they have learnt in an industrial like
setting whilst retaining the support of the University. This program has made our
students highly attractive to large employers who value the life-skills gained in these
settings. Severn years ago we observed that this environment was ideal for comparing
the effects of different development techniques with a view to verifying claims made
by their authors. In so doing we discovered that there were large differences in the
ways that the teams applied the techniques, thus allowing us to appraise the value of
these individual approaches. Our continuing investigations lead us to believe that
human factors are a dominating feature of any development method.



We have successfully integrated our teaching practice with our on-going field of
research. Within this unique environment we can study fairly large groups of
developers over extended periods of time within a controlled environment. This is a
useful resource as it has allowed us to study software engineering techniques in-depth
within environments which similar to those found in industry. Whilst this research is
no easy route, it has allowed us to verify claims made by others and suggest
improvements to techniques with demonstrable evidence.

Such research is not without its problems and often the hardest problem is that of
scale. To get statistically significant results a large sample is needed, which is often
beyond the number of students on a degree program. The solution to this is to
collaborate with other teams and universities, although tight collaboration is required
for meaningful results [58].

Lastly we note that in the field of formal methods little work has been undertaken
to validate the use of the methods on real world projects, as opposed to case studies.
We feel that our experimental structure would be ideal for this form of verification,
and may in time lead to results that maybe more convincing to industrial leaders. In
this case a clear focus on showing the relationship between time spent on following
the methods, dealing with changes to the specification over time, and the final quality
of the product produced, will be required.
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