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Abstract This paper presents a controlled experiment, conducted at the University of
Kaiserslautern which evaluates an approach known as SORT, for the systematic
refinement and translation of UML Diagrams. Specifically, the experiment investigates the effects of SORT, with respect to the mapping of object-oriented UML
design models to source code, by comparing the effects of different approaches to
such mappings (SORT and ad-hoc1) on the quality attributes understandability,
verifiability, and effort (time). The experimental results demonstrate that OO
systems developed by applying SORT are more understandable and verifiable. In
summary, SORT can help to improve the quality of software systems, but its
application alone does not guarantee quality.
Keywords Empirical evaluation . UML . Patterns . Understandability . Verifiability

1. Introduction
The success of the Unified Modeling Language (OMG, 2001) (OMG, 2005) reflects
a growing consensus in the software industry that Bmodeling is a good thing.’’
However, models created in the earlier phases of development (e.g., analysis and
design) are of limited value, unless they can be readily mapped into correct and
efficient executable forms, which in today_s technology means code in high-level
object-oriented programming languages. Any problem in the transformation path
from models to code does not only have a negative impact on the quality of the
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The mapping strategy followed by most mainstream methods is based on personal experience
and general mapping guidelines. Thus, mappings are performed on an individual basis without systematic guidance (i.e., these approaches can be characterized as Bad-hoc’’ mapping
approaches).
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delivered software system, but also hinders its future maintenance and/or reuse.
Furthermore, this reinforces the widely held suspicion that modeling is Bjust
paperwork’’ without any serious connection to the Breal’’ business of code
generation.
Ironically, the very richness and generality of UML is something of an BAchilles
heel’’ in this regard. This is because power without control is dangerous. Developers
attempting to use UML have such a wide selection of modeling concepts at their
disposal, ranging from low-level implementation oriented concepts to very high-level
abstract concepts, that they can easily lose their way and end up facing a daunting gap
to span in order to translate their models into code. Not surprisingly, the wider the
semantic gap to be bridged, the greater the chance of mappings that are inadequate or
incorrect. It is not UML per se that is really responsible for addressing this problem,
but rather the methods that are intended to support it. However, few, if any of the
current UML-oriented methods pay much attention to this issue. The books that
define the leading methods include at best a chapter discussing Bimplementation
issues,’’ usually in a general and ad hoc way (Rumbaugh et al., 1991; Booch, 1994;
Kruchten, 1998; D_Souza and Wills, 1998; Cheesman and Daniels, 2000). Similarly,
books on computer languages rarely spend more than a chapter on discussing how
features of the language relate to modeling concepts such as those in UML
(Stroustrup, 1993; DoD, 1983; Meyer, 1992). Newer publications such as Reed
(2001) or Bruegge and Dutoit (2003) have recognized the importance and therefore
address the mapping from models to code explicitly. Although, this goes into the
right direction, the discussed mappings are either straightforward (mapping a UML
class to a Java class) or do not address the context of a system (e.g., non-functional
aspects) explicitly. As a result, the mapping of graphical models into code is an often
neglected link in modern software development processes.
Perhaps one reason for this is the widely held view that case tools have already
solved this problem. Widely advertised capabilities such as Bround-trip engineering’’
give the impression that at the press of a button a case tool can translate a rich UML
model into a complete, optimal, executable program (Medvidovic et al., 1999).
However, although the code creation capabilities of modern case tools can be
helpful when used appropriately, no tool is yet capable of handling all the nuances
and trade-offs involved in creating an optimal and efficient implementation of UML
models (Jeckle, 2005; Sendall and Küster, 2004; Holub, 2002). The Bone-size-fits-all’’
mapping schemes2 found in most case tools usually end up being incomplete and/or
suboptimal for most situations. Some of these problems are also based on the
insufficient semantics of UML. In domains such as automotive or aviation, using
more Bformal’’ modeling languages, such as SDL or ASCET, success stories of
automatic code generation are known. However, code generation from UML
models is not that successful. Thus, automatic code generation cannot be the
solution for all problems (Herrington, 2003): BYou have first to study very well your
project before you decide whether it makes sense to resort to code generation to
produce any part of the project code.’’
These problems all point to the need for a well-defined and flexible methodology
for supporting the mapping of UML models into executable code in a way that takes
into account prevailing non-functional requirements. One such approach, known as
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I.e., there is only one mapping rule for a given UML construct.
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SORT (Atkinson, 2001; Bunse and Atkinson, 1999a,b), is based on the principle of
cleanly decoupling refinement from translation by first refining it into a more
concrete form at the implementation level of abstraction and second, translating the
refined model into a tool comprehensible form (e.g., source code) with the help of
patterns (i.e., pre-verified mappings). SORT promises to reduce the required effort
for mappings and to have a positive impact on the understandability and verifiability
of the implementation. However, an empirical validation is needed to objectively
check whether this is true.
This paper describes the empirical evaluation of the SORT approach. After first
outlining the principles underlying the approach under evaluation in Section 2, the
remaining sections describe its empirical evaluation. Section 3 presents the details of
the experiment by discussing hypotheses, experimental design, subjects, and
materials. Section 3 summarizes the data collected and presents the data analysis
results. Section 4 identifies and discusses possible threats to the validity of the
experiment. Finally, a short summary and some conclusions are presented.

2. Pattern-Based Implementation of UML Models
2.1. General Problem
The general goal of the implementation phase of any object-oriented development
method is to translate an abstract and informal representation of an artifact
(commonly referred to as a design) into a more concrete representation that can be
processed by automatic tools such as a compiler.
Most object-oriented methods provide little if any guidance on how to perform
the implementation activity. Moreover, any guidance that is given almost always
tries to bridge the gap between the abstract, informal representation and the more
concrete, Bformal’’ representation in one big step by directly mapping high-level
design models, and even analysis models, into code with or without the help of
CASE-tools (Webster, 1995; Bunse and Atkinson, 1999a,b; Bunse, 2001). Developers trying to perform such transformations therefore have to simultaneously
concern themselves with different representation forms (e.g., UML models and
source code) and different abstraction levels (i.e., analysis, design, and implementation). As a consequence, the implementation is typically one of the weakest aspects of
many contemporary methods, and the source of many defects (Holub, 2002).
In practice, the step from an informal representation to a more concrete one (i.e.,
from design to code) involves two distinct transformations: refinement and
translation. The first, refinement, is the description of a given phenomenon at a
lower level of abstraction. In the context of UML, a refinement step takes one
arrangement of pieces and rearranges or expands it to create another group
connected via refinement relationships (D_Souza and Wills, 1998). The second
transformation, translation, is the description of a given artifact in a different form
(e.g., from implementation models to Java or C++ source code). In contrast to
refinement, translation describes a relation between two descriptions at the same
level of abstraction. Both descriptions are of the same thing, and contain the same
amount of detail, but they use different languages or representation forms.
If refinement and translation are mixed, the relationship between a model and its
executable description is complex, not intuitively understandable, and potentially
Springer

230

Empir Software Eng (2006) 11: 227–267

misleading. For example, the implementation of a simple UML association between
two classes does not only include a change of notation (from UML to source code),
but also many implicit decisions (i.e., an association may be implemented by a
reference via an array of pointers, by a dictionary object, etc.). Therefore, a developer
implementing such an association has to make several, possibly undocumented,
decisions, which make the link not only hard to understand but also difficult to
maintain.
2.2. Basic Principles
Separating refinement and translation reduces the likelihood of errors during the
implementation process, since individual steps are smaller and only address one
dimension of concern (i.e., either abstraction level or representation form).
Following this principle, the SORT approach (Bunse and Atkinson, 1999a) cleanly
decouples refinement and translation by first refining UML models into a more
concrete form at the implementation level of abstraction and second, translating the
refined models into a tool comprehensible form (e.g., source code). This requires
defining to what level of detail refinement proceeds until translation can start. The
basic idea is to define a set of UML modeling concepts which correspond to the core
constructs of object-oriented programming so that they can be mapped into
elements of a program in a manner that approximates translation (i.e., without a
significant change in abstraction level). This set is called the Normal Object Form,
or NOF (Bunse and Atkinson, 1999b), because in a sense it represents a Bnormal’’
form, akin to that used in relational databases, to which UML models must be
reduced before translation can begin.
The word Bset’’ was chosen carefully in the preceding paragraph. At first sight it
might appear that a subset of the existing UML modeling concepts would best
satisfy the goal identified above, but on closer analysis this turns out not to be
so. The UML certainly contains many low-level features which have a very close
correspondence to core object-oriented language concepts, such as classes,
methods, packages etc. However, there are also numerous fundamental objectoriented programming features which are not represent directly within the UML.
Therefore, in defining the NOF it was also found necessary to add additional
concepts to those predefined in the UML, using UML’s in built extension
mechanisms (i.e., stereotypes, tagged values and constraints). More precisely, the
definition of the NOF consists of three distinct parts: (1) a subset of the predefined
UML modeling features; (2) additional modeling features, defined through the
UML extension mechanism, and (3) constraints on the use of (1) and (2). Strictly
speaking this makes the NOF a restricted extension of the UML. A brief summary
of NOF elements can be found in Appendix A.
2.3. Patterns
In order to be of practical value the NOF needs appropriate methodological
support. This is the goal of SORT (Systematic Object-Oriented Refinement and
Translation). SORT provides a practical technique for leveraging the NOF, and the
concept of refinement/translation separation, by packaging useful refinements and
translations.
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In view of the success of the pattern cataloguing approaches pioneered by
Gamma et al., (1995) and Buschmann (Martin et al., 1997), SORT refinement and
translation guidelines are packaged in a similar style. However, there is a subtle
difference between the patterns defined in SORT and those of Gamma and
Buschmann. Whereas the latter essentially capture good (i.e., useful) objectoriented structures/behaviors, SORT patterns capture good (i.e., useful) mappings
between object-oriented structures/behaviors. Two forms of patterns are recognized in SORT: refinement patterns, which describe Bgood’’ refinements within the
UML, and translation patterns, which describe Bgood’’ mappings of refined models
to a specific object-oriented programming language (e.g., C++). The latter are similar to Bidioms’’ (Coplien and Schmidt, 1995) in that they are language specific.
Refinement patterns define sound refinements from higher-level (i.e., non-NOF)
UML model elements to UML-NOF elements. In general such a pattern defines how
to remove higher-level elements, how to use NOF specific elements in NOF diagrams,
and how to enforce the NOF modeling. To keep track (traceability) of refinements,
the refinement relationships between elements must be made explicit by using the
UML stereotype ¡refinementd. This enables developers to traverse the refinement
tree in order to identify those places where further work is needed. Translation
patterns perform a similar job to refinement patterns, but for translations instead of
refinements. Although the two are strictly separated, however, the relationship
between the leaves of the refinement tree and the associated programming constructs
must be clear. In other words, translation patterns are not solely oriented towards
implementing a NOF modeling element, but also towards continuing the process of
developing code from models seamlessly. An example of each of the two pattern
forms can be found in Fig. 1.
However, simply defining the mapping is not sufficient. If there is more than one
pattern for a specific construct it must be possible to choose the pattern which is most
suitable for a given context. An essential part of a SORT pattern is therefore a list of
the primary quality factors which the transformation influence (e.g., performance)
and the level of this influence. For example, a transformation that implements a
model element in a way that minimizes space may well have a detrimental influence
on the final system_s performance, whereas a refinement that maximizes performance
may have a detrimental influence on space usage. Providing quantitative measures, on
the influence a pattern has on quality factors, can be potentially misleading. On the
one hand they allow patterns to be chosen on an objective basis, but on the other hand
such measures are difficult, if not impossible, to collect and may rely heavily on the
definition of the underlying metric (Grady, 1992; Satpathy et al., 2000). Therefore
SORT adopts a qualitative scale which provides a subjective influence estimate.
More detailed information on SORT and its patterns can be found in Atkinson et
al., (2001).

3. Description of the Experiment
In general, empirical studies in software engineering are used to evaluate whether a
Bnew’’ technique is superior to other techniques concerning a specific problem or
property. This paper addresses the problem of mapping UML models to code. The
benefits of a systematic mapping technique, such as SORT, are defined by a couple of
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Fig. 1 Refinement & translation pattern example
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Fig. 2 Experimental model

research hypotheses. In detail, it is expected that such a technique would establish
traceability between different representations of a system. The sequence of applied
refinements and translations establishes relationships between model elements and
between model elements and source code. Thus, these relationships have a positive
impact on the quality of a system: They allow better understanding of the system, in
such that the dependencies between models and code are known, and that specific
non-functional requirements3 are addressed. They also have a positive impact on the
quality of the system in terms of contained defects and fulfillment of non-functional
requirements, since patterns are pre-verified mappings (i.e., the generic mapping
described by a pattern was checked for correctness and quality before it becomes a
pattern). Finally, the guidance of such an approach will reduce development time.
However, the approach does not guarantee correctness since it (1) depends on the
quality of the original models, and (2) assumes that the correct pattern is applied.
However, despite these limitations it is assumed that making refinements and
translations explicit will have a positive impact.
The evaluation of SORT is based on a controlled experiment that investigates
whether SORT truly fulfills the postulated benefits. The experiment compares two
existing system documentations (i.e., SORT and non-SORT) and assumes that the
application of SORT has established explicit links between a design and its
implementation (i.e., traceability). Based on these relationships, the effects of
different mapping techniques, SORT and Ad-hoc,4 in terms of understandability,
verifiability, and time are measured by letting the experiment_s participants perform
understanding and verification tasks on the design and its implementation. This is
illustrated in Fig. 2. However, it must be explicitly stated that the results of this
experiment cannot empirically evaluate the effects of SORT in full detail. Thus, the

3

SORT patterns address the non-functional aspects of maintainability, performance, reliability,
reusability, security, and memory, by providing an estimate of the impact of applying the pattern on
the specific non-functional aspect.
4
In this experiment SORT mappings are compared with mappings done in an Ad-hoc manner.The
term Ad-hoc reflects Bless structured’’ mappings of models to code which intermix refinement and
translation steps. In Ad-hoc Mappings, models are either used as a reference for developers during
implementation or are used to generate code-frames (neglecting non implementable modeling
constructs such as association classes) that are manually completed.
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results have to be further evaluated and extended by a series of additional
experiments (Green et al., 1990).
3.1. Hypotheses
The concepts of understandability, verifiability, and time are of major interest within
this study. As with many other concepts in software engineering, the first two are
difficult to measure fully. In this study, understanding is captured by means of asking
questions about the system documentation. Verifiability is captured by means of
subjects performing verification activities on the design and code documents. Time
is then simply captured in minutes for both activities. Standard significance testing
was used to clearly examine these effects, the null hypothesis being stated as:
H0 – There is no difference between SORT and ad-hoc developed OO
systems in terms of their understandability and verifiability.
The alternative hypotheses, i.e., what is expected to occur, are then stated as
H1 – Software systems developed by SORT permit Beasier’’ understanding
(i.e., a quicker and more thorough knowledge of a system) than
software systems developed by ad-hoc approaches (i.e., non-SORT).
H2 – The documents and techniques derived using SORT permit more
efficient and more effective identification of defects (correctness and
fulfillment of nonfunctional requirements) than ad-hoc approaches.
H1 and H2 are stated on the following basis: When SORT principles are applied
they will improve the quality of a system in terms of increased understandability and
verifiability.
3.2. Subjects
The experimental subjects used in the study were all master students5 from the
Department of Computer Science at the University of Kaiserslautern, who were
enrolled in a one semester introductory class on Software Engineering. During the
lectures, subjects were taught basic software engineering principles, object-oriented
development techniques, UML, and basic programming skills. The lectures were
supplemented by practical sessions in which the students had the opportunity to
make use of what they had learned through completion of various software
development exercises (Leite, 2000).
At the beginning of the course, subjects were informed that a series of practical
exercises (Bexperiments’’) were planned and were asked to participate. Students
were motivated by making it clear that they would gain valuable experience from
participating during the subsequent sessions. As a result, 27 out of 30 subjects
volunteered to take part. The subjects knew that data would be collected and that
an analysis would be performed on the data, but were unaware of the experimental
hypotheses that were being tested.
5
All students already had passed their initial exams (BVordiplom’’) and can thus be regarded as
master students.
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Fig. 3 Box–whisker plots—subjects_ experience

As the German system allows students to take different classes at different times
during their studies, the students were of varying degrees of experience (see Fig. 3).
Before attending SE-1, the subjects had little experience6 with (a) software
practice–2 median response, (b) design documents–2 median response, (c) objectoriented design documents–2 median response, and (d) implementing objectoriented designs in C++–2 median response. However, the subjects were fairly
motivated to participate (median 4 from an ordinal scale of 1—not motivated to 5—
highly motivated).

3.3. Materials
To test the hypotheses, two different object-oriented systems were used. One
system, in the following referred to as the BAd-hoc’’ system, was taken from an OO
textbook (Lee and Tepfenhart, 1997), which proposes a Bsimple’’ UML-based

6
This information was captured by means of the debriefing questionnaire based on the ordinal
scale of 1–no experience to 5–professional experience. See also Appendix E.

Springer

236

Empir Software Eng (2006) 11: 227–267

Table 1 Descriptive measures for each experiment system
Counts

Original SORT
system

Refined SORT
system

Ad-hoc
system

Classes (Library classesa)
Attributes (total)
Methods (total)
Inheritance Relationships
Associations
Aggregations
CBO
NOC
DIT

19 (4)
42
37
11
2
7
1.63
0.57
1.1

14 (1)b
26
28
9
2
4
1.36
0.65
1.1

18 (3)
28
23
10
3
7
1.66
0.61
1.1

a

Library classes are predefined, ready-to-use classes from outside the system. Within the
documentation, library classes are only described by an interface specification and a short,
natural language description.

b

The application of SORT resulted in several classes being removed from the original system.
SORT patterns also use refactoring ideas to simplify a design such as those described in (Astels,
2002).

development process and ad-hoc mappings of models to code. The other system, in
the following referred to as the BSORT’’ system, was developed for the experiment
and documented in the same way as the Ad-hoc system, the only difference being
that the design models were refined and translated by applying SORT.
Each system is described by a system document of comparable length,7 which
contains a problem description, an OO design (i.e., a UML class diagram and a
textual description of the classes and their methods), and a source code listing. Both
systems are comparable in terms of domain, complexity, and representation (UML
diagrams and C++ code). The only difference is that the SORT system provides
additional information in terms of SORT documents by providing refined (i.e.,
implementation level) diagrams and the patterns used for refining and translating it to
source code. Appendix B provides examples concerning the application of SORT
onto the original system. Both systems were taken from the domain of computer
games, implementing a simple breakout game (BAd-hoc’’ system) and a game of
BMetamagical Themas’’ (Hofstadter, 1996; BSORT’’ system), respectively.
To further demonstrate the comparability of both systems, Table 1 provides simple
counts related to artifacts and relationships. In detail, the data concerning number of
classes, attributes, methods, and relationships show that there are no significant
differences between the Ad-hoc and the refined SORT system. The distribution of
attributes and methods in both systems reveal that the classes in both systems are
comparable concerning size and complexity. Additionally, the table provides
standard design measures for each of the three systems (original and refined SORT
system, as well as the Ad-hoc system). In detail, these are DIT (depth of inheritance
tree), NOC (number of children), and CBO (coupling between objects) measures

7
The Ad-hoc system documentation has a length 31 pages incl. 474 lines of code. The SORT
system documentation has a length of 39 pages incl. 9 pages of additional SORT documentation
(developed within 0.5 person day), and 454 lines of code. The reference document (i.e., refinement
& translation patterns) has a length of 21 pages.
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(Chidamber and Kemerer, 1994; Briand et al., 1997a; Briand, 1999). Design
measurement was performed to illustrate two things: First, to show that the
refinement of the original SORT system has reduced the system_s complexity.
Second, to demonstrate that there are no significant differences between the original
systems. Consequently, data provided by Table 1 demonstrates that a serious
attempt was made to keep the differences between the SORT and Ad-hoc system
documents to those caused by the technique (SORT, ad-hoc) applied.

3.4. Experimental Tasks
The experiment required each subject to perform two sets of tasks for each system
documentation, whereby both tasks were pen-and-paper based and did not require
the use of a computer (e.g., for executing code). First, subjects had to complete a
questionnaire, which asked various questions about the system (see also Appendix
C). The rationale was that the collection of all questions provides a test of a subject’s
understanding of the system. It also prepared them for the verification task. In
detail, the questions are about:
1. The overall understanding of the system, to familiarize the subjects with the
experimental systems and provide insight into whether they had understood the
functional and non-functional aspects of the system.
2. The relationships between the design and its implementation, to test the
traceability established by SORT in comparison to the Ad-hoc system (i.e.,
aimed at testing the difficulty of relating models and code).
3. More specific questions, answerable from the system documentation, to check the
subjects’ understanding of how the specified non-functional requirements of the
system (e.g., response or reaction times) are addressed.
The questionnaire for each system contained exactly the same number of
questions, with the questions being conceptually similar (i.e., directed to the same
area of interest) and in the same logical order. In order to avoid subjects getting
only a selective understanding of the system (i.e., only knowing about single classes),
the questions required them to look at several elements in the design. The set of all
questions was organized in a way that enables subjects to get an overview of the
complete system.
The second task required the subjects to verify the system in terms of correctness
and fulfillment of non-functional requirements (see also Appendix D). Subjects
were asked to mark all places in the system documentation that are either incorrect
or that are Bwrong’’ in relation to the (non-) functional requirements. This was
practically supported by providing the subjects with a small checklist, which told
them how and what to check.
The empirical validation of the SORT approach focused on the mapping of UML
models to code, therefore subjects had to work on both, UML diagrams and source
code, in order to answer questions and identify defects. In general, the tasks were
defined in such a way that comparisons of SORT and the Ad-hoc approach could be
made (regarding defect type, numbers, and complexity). In addition, a Bpre-test’’
with two student employees was performed. These students, who did not participate
in the original experiment, worked on both systems and on a set of tasks. This was
Springer
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done in order to check (a) that the tasks could be performed in the given time, (b)
that the questions can be answered, that defects can be found with or without the
additional SORT information, and (c) that the complexity of questions and tasks is
comparable. It appeared that the complexity of tasks and questions were comparable for both treatments and that the tasks for the SORT system could also
be solved without using the additional information. Concerning the time needed
for performing the verification task differences where found between systems.
The reason is that it is not easy to insert defects (concerning correctness and quality)
into a design that require an equal amount of time to be identified. However, both
systems contained the same number of defects to be found (i.e., 22), which were
comparable in their type and complexity (see also Section 3.5). Thus, a reasonable
attempt was made to exclude any impact on the factors of interest.
After completion of both tasks, subjects had to complete a debriefing
questionnaire (see Appendix E). This questionnaire, an adapted version of the
questionnaire used in Briand et al. (1997b) captures (1) personal details and
experience, (2) opinions with respect to a subject’s motivation and performance, and
(3) opinions on the experiment itself.
3.5. Defect Seeding
In the context of this experiment 22 defects were seeded into the correct UML
document versions. Defects, typically encountered in model-based development,
were seeded into the system documentation. The defects focused on the link
between design and source code. Therefore, syntax or standard programming errors
were not considered. However, all defects seeded to the design were also visible in
the code. Example of these defects are missing/wrong associations, inconsistencies
between diagrams and source code, missing/wrong sequences in sequence diagrams,
missing/wrong states, etc. The distribution of the seeded defects, their type, and
complexity is similar in both systems.
3.6. Procedure
The week before the experiment took place, subjects were given an additional
practical session as training. The idea behind the training session was not to be a
pilot study, but to familiarize subjects with the experimental setting and procedure,
and, more generally, to answer any questions they had. In detail, the participants
had a chance to practice experimental tasks using a system documentation (incl.
UML-based design and source code), not related to one of the experimental
systems, to avoid learning effects. At the end of the training session the subjects
were told to review what they had learned before participating in the experiment. It
is important to note that the training session was not planned to be a pilot study.
The major lesson learned from performing the training session was that the types of
tasks used (concerning understanding and verification) were manageable by the
subjects.
The experiment was then performed over two consecutive days with each subject
receiving a different set of system documents each day. Each experimental run took
place in a classroom where the subjects had plenty of space to examine all the
system documentation. Each subject sat next to a subject who was examining the
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other system documentation—this was performed to reduce plagiarism, although
this was not a significant worry. Subjects were told that there were different systems
being worked upon, but were not told anything about the nature of the study, i.e.,
which hypotheses were being tested, in order to avoid discussions after the first run,
which might have had an impact on the results of the second run. The subjects were
then given a maximum of one and a half hours to complete all tasks. In general,
subjects were free to allocate their time to the tasks. However, after 45 minutes they
were reminded that they had already spent half of their time and that they soon
should start the second task. During the experiment subjects were told not to talk
among themselves, but to direct any questions they had to the monitor. Questions
directed towards the monitor were not answered if believed to assist a subject’s
performance. After completing their tasks, subjects completed the debriefing
questionnaire and then returned this and all experimental materials to the monitor
before leaving.

3.7. Design
As shown in Table 2, a standard within-subject 2  2 factorial design was employed
[see, e.g., (Bortz, 1993)]. The two independent variables are the experimental run
(X–run 1 and run 2) and the technique applied to the object-oriented system (Y–
SORT and Non-Sort). An important advantage of using a within-subjects design
such as this is that the error variance due to differences among subjects is reduced.
From personal experience in performing software engineering experiments (Briand
et al., 1997b,c) and from the literature (Curtis, 1980), it can be said that when
dealing with small samples, variations in participant skills are a major concern that is
difficult to fully address by randomization or blocking. At the same time, it can
result in the independent variables becoming confounded with the order of presentation, which can lead to learning and fatigue effects. To control this, counterbalancing was introduced, i.e., half the subjects had to work on SORT system in
experimental run 1 and then on the second system in run 2 (group A). The other
half of the subjects did the opposite (group B).
To further control differences between subjects, random assignment to these two
groups was performed. This was achieved by drawing a letter for each subject from
a hat. Once this had been performed subjects were then shown to a desk with the
appropriate system documentation. As the number of subjects was known before
running the experiment, it was a simple procedure to create two groups of equivalent size, which is important to prevent the independent variables from becoming non-orthogonal. Each subject remained in the same group for the second
experimental run.

Table 2 Experimental design
employed

Variable X

Variable Y—implementation technique

Run

SORT

Non-SORT

1

A

B

2

B

A
Springer
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Since a within-subjects design was applied, blocking, used to neutralize background variables that cannot be eliminated by randomizing (Wohlin et al., 2000), is
done via subjects (i.e., each subject sees both treatments). Further blocking has not
been performed in order not to artificially restrict the sample. However, this might
have had an impact on the results of this study and is therefore discussed as a threat
to validity.

3.8. Dependent Variables and their Collection
The dependent variables (i.e., what is measured) are, on the one hand, oriented
towards the subjects_ understanding of the design and implementation, and, on the
other hand, towards defect identification. The subjects_ understanding was measured
based on their accuracy in completing a questionnaire. Data for the verification was
collected in two ways: (i) subjects had to mark the system documentation exactly
where they thought a defect occurs, and (ii) subjects had to fill out a data collection
form to summarize their findings. This allowed for cross-checking of the form. In
addition, the time needed for completion of all tasks was recorded. In summary, the
following dependent variables, enhanced by qualitative data from the debriefing
questionnaire, were derived:

&

&

&
&

Understanding _Time, the time (minutes) needed to understand the system in
order to complete the questionnaire. It is expected that the completion of the
questionnaire will require less time for the SORT system than for the Ad-hoc
system.
Understanding _Correctness, the correctness of understanding tasks (i.e., the
number of correctly answered questions). The set of questions to be answered by
each subject contained the same number of questions and was used to measure the
subjects_ understanding. Consequently, it is reasonable to use the number of
correctly answered questions as a measure of understanding. Therefore, it is
expected that a subject will answer significantly more questions correctly for the
SORT system, showing his/her better understanding of the system, than for the
Ad-hoc system.
Verification _Time, the time (minutes) needed for identifying and documenting
defects. It is expected that the verification of the SORT system will be performed
in less time than the verification of the Ad-hoc system.
Verification _Completeness, the completeness or effectiveness of the verification
task, captured by the number of defects to be found. According to (Briand et al.,
1997c), completeness, normalized on the scale of 0 to 1, can be calculated as:
number of correct defects found
VerificationCompleteness ¼
total number of defects to be found
In the context of this experiment it is expected that the effectiveness of
the verification task will be significantly higher for the SORT system than the
effectiveness for the Ad-hoc system. In other words, subjects, when verifying the
SORT system, will spot more of the inserted defects than subjects verifying
the Ad-hoc system.
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Verification _Accuracy, the accuracy of the verification task captured by the
number of places identified correctly. According to (Briand et al., 1997c),
accuracy, normalized on the scale of 0 to 1, can be calculated as:
number of correct defects found
VerificationAccuracy ¼
number of defects indicated as found

&

It is expected that subjects, when verifying the SORT system, will spot only true
defects and not places where they thought a defect may be. In contrast, it is
expected that subjects verifying the Ad-hoc system will find non-existing defects
caused by the unspecific links between models and code.
Verification _Rate, the verification rate or efficiency, which can be calculated as:
VerificationRate ¼

number of correct defects found
VerificationTime

It is expected that the efficiency of the verification task will be significantly
higher for the SORT system than the efficiency of the Ad-hoc system. In other
words, subjects, when verifying the SORT system, will spot more true defects in
less time than subjects verifying the Ad-hoc system.
3.9. Data Analysis
Data were collected for the 27 subjects over the two experimental runs (4 subjects
were unable to return for their second run due to prior commitments). Therefore,
24 data points were available for analysis for the application of SORT and 26 data
points were available for the ad-hoc approach; because the experimental design is
completely within-subjects, repeated measures analysis can be performed. The first
step of the analysis procedure is to analyze the descriptive statistic of the collected
data and to discuss anomalies. Then the data has to be checked for normality—if the
data is substantially non-normal, then non-parametric tests have to be used, otherwise
parametric tests can be applied. To proceed with the analysis, a level of significance
(i.e., the !-level) has to be preset. From a scientific perspective, it is necessary to work
at a low !-level (Bortz, 1993). Therefore, the !-level for the experimental evaluation
of SORT is set to ! = 0.05.

4. Results
Table 3 presents a descriptive summary of the dependent variables for the two
different object-oriented systems. The columns represent the number of valid
observations (N), the mean (x), the median, the minimum and maximum values, and
the standard deviation (s). The rows provide these data for each of the dependent
variables. In addition, Appendix F presents raw histograms of the dependent
variables concerning correctness and completeness. These give a first impression
that the results are in the predicted direction.
A quick review of the table and the raw histogram (see Fig. 17) shows that with
regard to understanding the subjects showed a deeper understanding, of the SORT
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Table 3 Descriptive statistics
Variable

Understanding_Time
Understanding_Correctness
Verification_Time
Verification_Completeness
Verification_Accuracy
Verification_Rate

SORT system
N

x

e
m

Min

Max

S

22
24
22
24
24
22

32.82
4.75
48.91
0.56
0.87
0.26

30
5
50
0.54
0.87
0.27

10
2
30
0.18
0.69
0.075

52
6
80
0.90
1
0.43

10.99
1.11
11.15
0.19
0.08
0.09

Min

Max

S

20
1
15
0
0

75
4
60
0.64
0.81

11.06
0.92
9.77
0.15
0.15

Ad-hoc system (non-SORT)

Variable

Understanding_Time
Understanding_Correctness
Verification_Time
Verification_Completeness
Verification_Accuracy

N

x

m
e

24
26
24
26
26

34.62
2.85
49.62
0.36
0.46

34.5
3
50
0.36
0.46

system than of the Ad-hoc system by answering more questions correctly (5–median
response for the SORT system and 3–median response for the Ad-hoc system).
However, the time spent on the understanding task does not differ that clearly, since
the median differs by 4.5 minutes for the SORT and Ad-hoc system, respectively.
The statistical test of the concerned dependent variable has to show if this small
difference is significant. Otherwise, it has to be discussed more deeply.
The descriptive statistics as well as the raw histograms (see Figs. 14–16) concerning
the verification task illustrate a comparable situation. In principle, the subjects
verifying the SORT system showed a higher effectiveness (0.54–median response)
than subjects verifying the Ad-hoc system (0.36–median response). However, the
mean value illustrates that approximately only 50% of the inserted defects were
detected for the SORT system (0.56–mean response). However, the situation
concerning the Ad-hoc system is even worse (0.36–mean response). A reason for
this situation may be tight time constraints, which can be elicited from the debriefing
questionnaire and from the mean values for the dependent variables concerning time.
Concerning the remaining dependent variables, the data shows that subjects verifying
the SORT system found defects more correctly (0.87–median response) and
efficiently (0.27–median response) than subjects verifying the Ad-hoc system (0.46
and 0.17–median responses).
Table 3 shows that there are quite large differences between the minimal and
maximal values concerning the time for understanding and verification tasks. Thus,
time might have an impact on factors such as completeness or correctness. Thus, the
time/accuracy trade-off has to be analyzed. A scatter plot can be a helpful tool in
determining the strength of the relationship between the variables. The plots for this
experiment (see Fig. 4) indicate increasing trends, therefore a regression test was
performed to analyze if there is a relation between time and correctness/
completeness. The results showed that with a high probability, there appears to be
Springer
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no association between the variables. Thus, it can be excluded that there is a
significant time/accuracy trade-off.
Before deciding which tests can be applied to the collected data, the data have to
be checked for deviations from a normal distribution. The standard test is the
Shapiro–Wilks_ W test. This test was applied and its result indicates that for all
dependent variables, except Verification_Completeness and Verification_Rate, the
data is substantially non-normal. As a result, non-parametric tests are the
appropriate tests to apply—as the data is within-subjects, the most appropriate of
these is the Wilcoxon matched pairs test. However, to make sure a parametric test
would not have led to different conclusions, the t-test for dependent samples [which
is thought to be robust against minor deviations from normality (Welkowitz et al.,
1976)] was applied in addition. In every case, the parametric test supported the
findings of the non-parametric one.
4.1. Anomalies in the Data
Examination of Table 3 shows one strange result in the data set, it is the low number
of subjects having valid times for the variables Understanding_Time and Verification_Time (i.e., N is far below 27 for the SORT and Ad-hoc systems, respectively).
Subjects were told to record on their collection sheet at what time they finished the
understanding tasks and moved onto the modification tasks. Many subjects (e.g., five
subjects for the SORT system) unfortunately did not obey this instruction. Although
the total time for performing both tasks is known, it is impossible to split the time
between the time spent on understanding and the time spent on verification.
Therefore, the missing data is discussed as a threat to validity. Another problem
was that some subjects participated in only one experimental run, because they had to
attend another exam. Although, valid data for one run was collected, the nature of the
Wilcoxon matched pairs test prohibits them from further analysis (Bortz, 1993).
4.2. H1
The results of the Wilcoxon matched pairs test applied on the two dependent
variables concerned with H1 are shown in Table 4. Column one represents the
dependent variable, column two the degrees of freedom, column three the Z value
of the Wilcoxon test, column four the critical value for ! = 0.05, which Z has to
exceed to be significant, and column five provides the p value. This is further
illustrated by the Box–Whisker Plot on the dependent variable BUnderstanding_
Correctness’’ shown in Fig. 5. An interesting fact in this regard is that the low scores
for understanding correctness are mainly caused by the same subject (see also
Appendix F, Fig. 17). Although the experience and motivation is average for this
subject, he spent only very little time on the understanding task (10 minutes) and
focused more on the verification task.
Table 4 Wilcoxon matched
pairs test-H1

Springer

Variable

Valid N

Z

Crit.
Z0.95

p-value

Understanding_Time
Understanding_Correctness

21
23

0.58
4.01

1.64
1.64

0.55
0.00
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Fig. 5 Box–whisker plot—Understanding_Correctness

Table 4 shows that there is no significant difference in the amount of time spent
on completing the understanding tasks, but there was a significant difference for the
variable Understanding_Correctness, which measured the extent of a subject_s
understanding. Therefore, an analysis of the qualitative data, collected by means of
the debriefing questionnaire, was performed. Regarding question 8 (if you could not
complete the tasks, indicate why) it was found that 86% (20 subjects from 23) and
69% (18 subjects from 26) of the participants felt they ran out of time when
performing the required tasks on the SORT and Ad-hoc system, respectively. This is
an indication that the time allocated for the experiment was at best sufficient for
them to complete their entire task. Often this is regarded as Bnormal’’ (i.e., subjects
ran out of time in performing tasks with strict time restrictions), but the qualitative
data from debriefing questionnaire indicate that the allocation of more time would
have had different results. Another reason might be that subjects were reminded
after 45 minutes to start the second task soon. The median responses concerning the
dependent variable Understanding_Correctness differed by 2, although the time
spent by both groups is nearly the same. Therefore it can be assumed that people
working on the SORT system would have completed their understanding tasks
quicker than people working on the Ad-hoc system. Consequently, the tight time8
constraints explain why performance in terms of Understanding_Time was not
significantly better for the SORT system and why the effects of SORT were only
reflected in terms of Understanding _Correctness. Therefore, H1 is accepted.
4.3. H2
Table 5 presents a summary of the results of the statistical tests for the four
dependent variables concerned with H2. The results are further illustrated by
Figs. 6–8, which display Box–Whisker Plots on the dependent variables Verification_Accuracy, Verification_Completeness, and Verification_Rate.

8
The time for conducting an experiment within the SE-I lecture was limited to 90 minutes of
training and 90 minutes per experimental run.
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Table 5 Wilcoxon matched
pairs test-H2

Variable

Valid
N

Z

Crit.
Z0.95

p-value

Verification_Time
Verification_Completeness
Verification_Accuracy
Verification_Rate

21
23
23
21

0.52
3.24
4.10
3.73

1.64
1.64
1.64
1.64

0.60
0.00
0.00
0.00

The table shows that there was no significant difference in the amount of time spent
on completing the verification tasks, but there was a significant difference for the
variables Verification_Completeness, Verification_Accuracy, and Verification_Rate,
which measured the completeness, correctness, and rate of the verification task. The
lack of significance regarding Verification_Time can also be explained, as for
hypothesis H1, by tight time constraints during the experiment. An analysis of the
debriefing questionnaires showed that participants felt they ran out of time when
performing the verification task on the SORT and Ad-hoc system, respectively. This
is an indication that the allocation of more time would have had led to different
results concerning Verification_Time. Therefore, H2 is accepted.
4.4. Analysis Summary
Overall the results show that the SORT system (i.e., the system developed by
applying SORT technology) is significantly easier to understand and verify than the
Ad-hoc system (i.e., the system developed in an ad-hoc way). This is supported by
the data concerning correctness/accuracy, completeness,9 and rate of the responses9
and further supported by results obtained from analyzing the qualitative data from
the debriefing questionnaire. Therefore, H0 can be rejected.
Because of tight time constraints during the experiment (Bceiling effect’’),
differences in understanding and verification times could not be observed at a
significant level. Consequently, future replications should allocate more time to each
experimental run.

5. Threats to Validity
In this section the study_s threats to validity and a discussion of what attempts were
made to mitigate them is presented.
5.1. Construct Validity
Construct validity is the degree to which the independent and dependent variables
accurately measure the concepts they purport to measure. The following possible
threat was identified:

&

9

Understandability and verifiability are difficult concepts to measure. In the
context of this paper it is argued that the defined dependent variables are
Only measured for verifiability.
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Fig. 6 Box–whisker plot—Verification_Accuracy

intuitively reasonable measures. Of course, there are several other dimensions of
each concept.10 However, in a single controlled experiment it is unlikely that all
the different dimensions of a concept can be captured. In fact, there must be a
focus on what can be realistically achieved. Since it is more careful to use several
different measures to capture a concept, in the context of this experiment two
and four measures were defined for the concepts of understandability and
verifiability, respectively. Since these measures consistently support the stated
hypotheses, as does the collected qualitative data, it is reasonable to have
confidence in their construct validity. However, additional studies are required
to investigate the other dimensions of understandability and verifiability.

5.2. Internal Validity
Internal validity is the degree to which conclusions can be drawn about the causal
effect of independent variables on the dependent variable. The following possible
threats were identified:

&

A maturation effect is caused by subjects learning as an experiment proceeds.
The threats to this study are that (1) subjects learned enough from the first
experimental run to bias their performance in the second run, and (2) subjects
learned from the understanding tasks to bias their performance during the
verification task.
These threats were addressed by using counterbalancing (i.e., half of the
subjects worked on the SORT system in the first run and on the Ad-hoc system in
the second run; the other half of the subjects did the opposite). Counterbalancing
is known to eliminate ordering effects caused by the tasks, as well as any learning

10

Answering questions is not the only important dimension of understandability. Developing system
descriptions based on the overall understanding and detecting wrong assumptions are of equal
importance.
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Fig. 7 Box–whisker plot—Verification_Completeness

&

&

and fatigue effects (Watt and van den Berg, 1995). In addition, counterbalancing
would distribute such effects across both groups, hence reducing their impact.
Furthermore, additional statistical tests (i.e., analyzing the impact of the order of
execution onto the results) have not shown any learning effect.
A subset of subjects did not follow experimental instructions, which resulted in
an occurrence of missing time data. In general, this data loss may not have been
random and thus had an influence on the results.
However, this threat can be addressed by comparing the mean of the two
variables Understanding_Time (32.82 and 34.62) and Verification_Time (48.91
and 49.62). In both cases, the mean values do not show significant differences, as
one may have expected by non-random data losses. Thus, it can be assumed that
this loss had no effect on the outcome of the study.
A potential ceiling effect concerning time might have occurred due to the tight
constraints, since significant differences in understanding and verification times
were not observed.
In the context of this experiment there are no significant relationships
between completeness or correctness and time (see Fig. 4). Thus, it is unlikely
that the allocation of more time would have led to different results concerning

Fig. 8 Box–whisker plot—Verification_Rate
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completeness or accuracy. However, this might be different for the dependent
variables concerning time. On the one hand, according to the debriefing
questionnaire, subjects felt they ran out of time. On the other hand, based on
the discussion presented in (Arisholm and Sjøberg, 2004) the following
assumption can be made: Subjects who work fast may spend more time on the
last task than they would otherwise. Similarly, subjects who work slowly may
have insufficient time to perform the tasks correctly. Thus, future replication
may devote more time to the tasks and may exclude the last task (e.g., question 5
and the last five defects) from the analysis.
An instrumentation effect may result from differences in the experimental
materials employed (Briand et al., 2001). The threat to this study is that possible
differences between the two systems and the tasks other than those controlled
(i.e., applied technique, etc.) have caused differences in subjects’ performance.
In principle, this may have caused differences in cognitive complexity and task
complexity.
Concerning cognitive complexity, this threat was addressed by seriously
attempting to keep the differences between both systems to those caused by the
applied development technique (i.e., SORT and non-SORT). This is supported
by the data points for simple system properties and design complexity measures
as presented in Table 1. According to these data values, both original systems
contain a similar amount of information and have a comparable complexity
level. The application of SORT resulted in slightly different metric values for the
refined SORT system, which is a further indicator that the differences between
the two systems used are caused by the applied technique (i.e., the subject of
interest). Concerning task complexity, this threat was addressed by a serious
attempt to ensure that the tasks are highly similar (i.e., similar questions and
defects in terms of type and numbers). Thus, it can be assumed that the
Buncontrolled’’ differences between the systems (i.e., differences not caused by
the applied technique) had no effect on the results of this study.
The selection of subjects and their assignment to groups might have had an
impact on the results. Randomization (random assignment) of group membership was used as a counter-attack against this threat. However, randomization is
no guarantee for an equal experience distribution of subject experience between
groups. Blocking can be used to neutralize this factor, but is not easy to perform
given the small group size (Daly et al., 1996). Since a within-subjects design was
applied, blocking was done via subjects. Each subject saw both treatments and
the differential performance (performance on the SORT system, performance
on the Ad-hoc system) of all subjects was averaged and compared. No
preliminary test was administered to the subjects that might have assessed this
bias in order to avoid problems of reactivity and sensitization.

5.3. External Validity
External validity is the degree to which the results of the research can be
generalized to the population under study and other research settings. The following
possible threats were identified:

&

The subjects who participated in this study were students and are therefore
unlikely to be representative of software professionals. However, the results can
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be useful in an industrial context for the following reasons: Industrial employees
often do not have more experience than students since OO projects are often
performed by persons who have just finished their university education or by
people who apply object technology for the first time. Furthermore, laboratory
settings, such as a university context, allow the investigation of a larger number
of hypotheses at a lower cost than field studies. The hypotheses that seem to be
supported in the laboratory setting can then be tested further in more realistic
industrial settings with a better chance of discovering important and interesting
findings. Conversely, laboratory experiments can be used to confirm results
obtained in field studies, where control, and thus internal validity is usually
weaker.
The use of volunteers as subjects may affect the validity of the study (i.e.,
selection bias). Individuals who volunteer for an activity are almost certainly
different from those who do not volunteer. Volunteers are, by definition,
motivated to participate and presumably expect to receive some benefit from the
intervention. These differences between study participants and non-participants
limit the ability to generalize the results of this study beyond the research sample
(Wohlin et al., 2000). Since 90% (27 of 30) of the students enrolled in the
software engineering lecture volunteered to participate, it is highly probable that
similar results will be obtained when performing the experiment in a similar way
at the University of Kaiserslautern, and the results can probably also be
generalized to other software engineering courses. However, future experiments
have to be performed, varying in subjects, dependent variables, etc. to obtain
more generalizable results.
The materials used in this study (i.e., the software systems and tasks) may not be
representative in terms of their size and complexity. However, experiments in a
university context do not allow the use of Brealistic’’ systems and tasks for several
reasons, such as time, availability of such systems, etc. Another problem might be
the defect seeding. Regardless of the distribution or origin of the defects, the
generality of the results is threatened by the fact that these defects and their
distribution across the system classes may not be representative of all situations.

It is important to stress the fact that the author views this study as exploratory.
While these three threats limit generalization of this research, they do not prevent the
results from being used in further studies. In addition, the weakness imposed by these
threats may be eliminated if similar results can be obtained by using different
empirical techniques (Briand et al., 2001). The idea is that the weaknesses of one
study can be addressed by the strengths of another; see, e.g., (Kaplan and Duchon,
1988) or (Wood et al., 1999). In principle, this can be the application in an industrial
context, the use of Brealistic’’ software systems and tasks, or case studies that measure
the effects of SORT during development.
5.4. Conclusion Validity
Conclusion validity is the degree to which conclusions about relationships in the
data are reasonable. The following possible threats were identified:

&

Violated assumptions of statistical tests. Every analysis is based on a variety of
assumptions about the nature of the data, the procedures used to conduct the
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analysis, and the match between these two. Making wrong assumptions may lead
to erroneous conclusions about relationships. One important issue in this regard is
the distribution of the data (normal or non-normal), which is the major selection
factor for the statistical test to be used. The application of the Shapiro–Wilks’ W
test, showed that for all dependent variables, except Verification_Completeness
and Verification_Rate, the data distribution is substantially non-normal. Thus,
non-parametric tests are the appropriate tests to apply. To make sure a parametric
test would not have led to different conclusions, the t-test for dependent samples
[which is thought to be robust against minor deviations from normality
(Welkowitz et al., 1976)] was applied in addition. In every case, the parametric
test supported the findings of the non-parametric one. Therefore, the violation of
test assumptions can be neglected.
Fishing and the error rate problem. This threat relates to the problem that if you
play with the data long enough, you can often Bturn up’’ results that support or
corroborate your hypotheses (Trochim, 2002). In other words, this can be seen as
Bfishing’’ for a specific result by analyzing the data repeatedly under slightly
differing conditions or assumptions. The probability assumption of the statistical
tests used assumes that each analysis is Bindependent’’ of the other. This might
not be true, since multiple analyses of the same data were performed (e.g.,
accuracy, completeness, etc.). However, since all statistical tests, except those
concerning time, showed a high significance, chances are low that there is no real
relationship in the data.
Low statistical power. This threat is related to the probability that a statistical test
rejects H0 for a specified value of an alternative hypothesis. Thus, it can be
regarded as the ability of a test to detect an effect, given that the effect actually
exists. However, power analyses for non-parametric tests are not easy to
perform. Although Singer et al. (1986) claim that some variants of power
analyses for nonparametric tests can be conducted by adjusting the result
obtained for the corresponding parametric test, an adaptation for Wilcoxon_s
matched pairs test is unknown. Therefore, a power analysis concerning the t-test
for dependent samples was performed, which showed that the statistical power is
higher than 0.8 concerning all dependent variables (except time). Therefore, the
author believes that low statistical power as a threat to validity can be neglected.

5.5. Addressing Threats to Validity
In order to improve the experiment and address some of the threats to validity
identified above, the following actions can be taken:

&

&

Increase the task time. The time allocated for answering questions and
performing verification should be increased because many subjects stated the
reason they did not complete all the tasks were time constraints. Alternatively,
the experimental tasks should be made less complex. The result of this
improvement may mean that the experiment will find similar values for the
dependent variables concerned with completeness and accuracy but shorter
completion times and hence, increased modification rates for the good design.
Improve time data collection procedures. The data collection procedures for
collecting precise time data should be improved upon due to the experience with
Springer
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subjects not fully obeying experimental instructions. One method for achieving
this manually would be to give subjects only the understanding questionnaire to
begin with. Once a subject has completed the questionnaire he/she indicates this
to a monitor, who records the time and then provides the subject with the
verification tasks. A second option would be to automate the whole experimental procedure, thereby making time collection trivial.
6. Summary and Conclusion
With the rapid rate of innovation in object technology, one might have expected to
have seen significant improvements in the quality of object-oriented systems. In
practice, however, this has not fully happened due to the primitive techniques still
largely dominating the Bimplementation’’ phase of object-oriented development
methods. Leading edge technologies such as distributed objects, components and
the UML will never achieve their full potential until this problem is addressed.
In an ideal world software systems would be written in formal languages, with
formally verified mappings between levels, but for object-oriented development this
is a long way off in practice. SORT offers a practical approach to this problem which
provides effective assistance in the mapping of UML analysis and design models to
code. This is achieved through the application of three time-honored strategies for
managing complexity:

&

&

&

Reducing the size of the individual steps. A sequence of several smaller steps is
easier to understand than one big step. With the SORT approach the task of
implementing graphical models is broken into individual refinement and
translation sub-steps.
Separating concerns. Developers can concentrate on single activities and do not
have to worry about several things at once. These single steps facilitate a more
systematic refinement of graphical models to code-level abstractions before
starting translation.
Identifying and exploiting commonality. The SORT approach simplifies multiple
implementations of a single model (i.e., porting).

To demonstrate that the promises of the SORT can be achieved in practice, the
approach has to be empirically evaluated. This paper describes a controlled
experiment, conducted at the University of Kaiserslautern that used a withinsubject design to investigate the effects of refinement and translation patterns on the
verifiability and understandability of object-oriented systems. The experiment used
two systems, comparable in size and complexity, and let subjects perform
understanding and verification tasks on these.
The results of the empirical evaluation show that applying the SORT technology
in system development had a significant impact on understandability and verifiability. In detail, subjects had a significantly better understanding of the SORT system
regarding correctness and completeness of understanding questions. In addition,
subjects performing verification tasks on the SORT system performed significantly
better, regarding verification rate, correctness and completeness. This supports the
initial assumption (stated by the research hypothesis) that SORT allows the quality
development of object-oriented software systems. However, the experiment did not
allow evaluation of the impact of SORT concerning time aspects.
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A number of threats to validity hinder the generalization of results. Thus, in future
studies, improvements to the experimental procedure might include increasing the
task time and improving the time data collection procedures. However, the author
believes that the quality of object-oriented designs is sensitive to systematic and sound
engineering style software development, as addressed by SORT. From a more general
perspective, if the results of this study are further confirmed through external
replication and complementary studies, organizations involved in object-oriented
development should invest in the adaptation and application of SORT to ensure that
their software products comply with the principle of separating and explicitly
distinguishing between refinement and translation. A good example of such a
complementary study is the evaluation of SORT in development. In contrast to this
study, which evaluates the effects SORT had on a system, such a case study can
evaluate SORT as a development methodology, by analyzing the development of a
software system performed by two independent groups: one using SORT, and the
other one following a different development/mapping approach.
A replication package (in German) is available for researchers interested in
externally replicating the experiment.11 An English version is currently under
preparation.
Appendix A. Example NOF Elements
It is not possible in a paper of this size to provide a complete and detailed description of the NOF and its elements. However, in this appendix a brief overview of
some of its major elements is provided, by addressing in turn the three separate
parts of the definition.
UML Subset
At its core, the NOF contains those elements of the UML which embody the
fundamental elements of object-oriented systems such as classes, attributes, links,
associations and inheritance. Rather than list all the all the basic elements which are
included, it is actually more interesting to identify some of the major concepts which
are not deemed appropriate for the NOF. Some of the features of which do not
correspond directly to programming level concepts include:

Specialized Compartments. These compartments are used to show specialized abstract properties of a class (responsibilities, business rules, etc.) By
definition therefore, such compartments play their major role in the analysis
phase to help developers understand the domain, but do not play an important
role in implementation. Consequently they are not included in the NOF. The
only compartments which are acceptable in the NOF are those for attributes,
operations and exceptions.
Association Class. Association classes describe an association that is also a
class. Although it is stated (OMG, 2001) that an association class is not the same
as a class connecting two other classes, no existing object-oriented language

11

The replication package can be obtained from the author by sending an email request.
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supports any other implementation (Lee and Tepfenhart, 1997) (i.e., a dictionary
class is used). Consequently association classes are not part of the NOF.
Class-in-state. Classes with a state machine may have many states. The
class-in-state modeling element describes a state that objects of that class can
hold. Due to its close relation to activity diagrams, it is another way to
accomplish the same goal as dynamic classification. Therefore it not necessary
as a part of the NOF.
Dependency. All dependencies which describe historical connections
between elements (e.g., ¡traced) do not influence the implementation of a
system and are therefore not part of the NOF.
Derived Elements. These are not part of the NOF because they are used for
the purpose of clarity and do not provide additional semantic information.
N-Ary Associations. N-ary associations are associations between three or
more classes. However, just as for association classes no currently existing objectoriented language provides direct support for such associations; they have to be
Bsimulated’’ using multiple associations.
Qualifier. These are used to partition a set of objects connected with an
object via an association. Qualifiers are not part of the NOF for two reasons.
First, due to their definition as attributes of an association (see also association
class). Second, they are clearly analysis elements, which model an important
semantic situation, but do not influence the general strategy for implementing an
association.

Additional Elements
Although the UML is a powerful tool for describing object-oriented software systems
it is not possible to describe all properties of programs entirely in the UML subset
within the NOF. Certain extensions (i.e., new elements) are needed. The NOF
includes legal extensions to the UML defined using the in-built extension mechanism.
Most of the UML extensions in the NOF occur in connection with associations. This is
because the fundamental implementation variations for associations are not fully
supported in the present version of the UML. Although associations can vary in many
ways at the analysis and design level, such as in their arity (binary, ternary, etc.) and
their multiplicity (e.g., one-to-one, one-to-many, many-to-many), at the implementation level there are far fewer variations. All inter-object relationships are essentially
implemented by the same basic mechanism: one object holding a pointer to, or the
value of, another object. Even the implementation of associations by FRelation
Tables_ makes use of these mechanisms, by implementing the table as a class in its
own rights which routes the communication.
Following ION (Atkinson and Izygon, 1995), this basic relationship between
classes is called Bclientship.’’ Clientship is an asymmetric relationship; the client needs
to be aware of the identity of the server class, but the server requires no knowledge of
the client class. All clientship relationships are therefore represented with a UML
navigation arrow indicating the direction of the client/server relationship. As with all
program-level relationships, clientship implies a compilation (and thus static)
dependency. In total there are four different, orthogonal properties of clientship
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relationships, each with two possible values. Each possible value for each property
has a corresponding UML association stereotype:
Attached vs. Detached: One of the most important characteristics of a clientship
relationship is whether the client holds a reference to the server or whether it holds
the actual state (i.e., the value) of the server. When the client holds a reference to
the server the clientship is said to be detached, whereas when the client actually
holds the state of the server the clientship is said to be attached.
Permanent vs. Transient: Another important characteristic of a clientship
relationship is how long the class has visibility of a particular instance of the server
class. If the client holds a reference to, or the value of, the server in its main data
structure, the clientship is said to be permanent. If, on the other hand, the client has
visibility of a server object only for the duration of a single method, the clientship is
said to be transient.
Proper vs. Intimate: Normally, a client class only has access to the Bofficial’’,
publicly visible methods of the server. This is termed proper clientship. Most objectoriented languages also allow client classes to be given privileged access to the
server. This is termed intimate clientship.
Direct vs. Indirect: The final property of a clientship relationship is whether the
client holds visibility (of the server), or whether the client relies on a second server
for visibility of the first. The first situation is known as direct clientship, and the
second indirect clientship.

Constraints
Most of the UML modeling elements can be used at different levels of abstraction. For example in the analysis phase an operation can be specified by a
simple name whereas during detailed design it can be specified in more detail
(types, parameters, etc.). In general, the UML allows the modeler to decide
when and where certain pieces of information should be displayed. While this
flexibility is fine during high-level modeling phases, it becomes a problem in the
later implementation phases when the Bas is’’ implementation needs to be described. This is because from an individual diagram is not possible to determine
whether the absence of specific markings is because they have simply been
Table 6 Selection of constraints
Constraints
All attributes of a class must have visibility markings. In other words, it must be clear whether they
are to be implemented as public, private or protected members (in the case of C++).
A method must have a visibility marking, a list of parameters (if existing), and a return type.
A parameter is specified in the following form: name:type=default-value.
Each class must have at least a constructor and destructor method.
The methods of a class have to be grouped by using one of the following stereotypes
¡constructord, ¡destructord, ¡updated, etc.
The parameter of a template class must be bound to an actual value to be meaningful.
A clientship relationship has to be augmented with multiplicity markings.
A clientship relationship has to be augmented with roles.
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omitted or because the corresponding decisions remain to be made. A general
goal of the NOF is to rule out such ambiguities by providing constraints, which
clearly specify the level of detail to be represented. Due to the size of the UML
and the limited space within this paper we cannot present the full set of constraints. However, Table 6 presents a short selection to give an overview of their
nature.
Example
As an example of the application of NOF consider a simple stack. Figure 9 shows
how the original stack model is refined to a more detailed UML before it is finally
translated into equivalent C++ code.

Appendix B. Application SORT
This experiment uses a system documentation obtained by applying the SORT
approach. This documentation was developed by applying SORT refinement
patterns to the original design (see Fig. 10), resulting in a refined design (Fig. 11)
(see Fig. 12), updated class descriptions (see Fig. 13) accompanied by the
sequence of transformation steps including the applied patterns. The latter was also
provided for the application of translation patterns concerning the system_s
Stack

Array

store

__________

__________

1

Size : Int

1

insert()

__________
User
*

1

top()

Client
1

Non-NOF

get()

Capacity: Int

push()
pop()

stores

__________
*

<<exceptions>>
is_empty() :
is_full() : Bool

Object
1

*

Stored_Element

Refine
-Store-Int
Stack<Object-Type>
1

<<Standard>>

<<bind>>

NOF

<<Normal>>
Client
__________

User

<<Creation & Destruction>>
+Create()
+Destroy()
<<Queries & Updates>>
+work_on_stack() : Integer

Object-Type

<<Template>>
Stack
__________
-Size : Integer
-Capacity : Integer
-Elements : Array of Object-Type

template<class Object-Type>
class Stack
public:
Stack(int s,int c);
// constructor
~Stack();
// destructor

__________

<<Creation & Destruction>>
+Create(Size:Integer, Capacity:Integer)
+Destroy()
<<Queries & Updates>>
+top() : Object-Type
+push(object:Object-Type) : Integer
+pop() : Object-Type
__________
<< Exceptions >>
+is_empty() : Boolean
+is_full() : Boolean

Translate

Fig. 9 Refinement and translation by using the NOF
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int push (const T&);
Object-Type* top();
Object-Type* pop();
bool is_empty();
bool is_full();
private:
int Size;
int Capacity;
Object-Type *elements[Capacity];
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1
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1
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Fig. 10 Original SORT system—main architecture

implementation. Please note, that, due to size and complexity, the examples given in
this appendix are a simplified/smaller version of the original models.
Appendix C. Generic Descriptions and Examples of Questions
Understandability is measured by asking the subjects to complete a questionnaire
with five questions regarding the overall understanding, structure, and functionality
of both systems. While keeping time constraints in mind, these questions were
intended to capture the diversity of questions that a maintainer might ask about a
system. Although the systems differ, the questions for both are comparable on a
generic level (e.g., question 4 is aimed at the services a specific class offers). In the
following we describe, at a generic level, each question in more detail.

&

Question 1–Describe the overall functionality of the system.
This question is intended as a starting point for the subjects to get

Fig. 11 Original class description
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Fig. 12 Refined SORT system—main architecture

&

&

&

&

comfortable with the setting and the system. Example: Please give a brief
description of the overall system functionality.
Question 2–Map system functionality onto the architecture of the system (i.e.,
the subjects have to identify the classes that are outside the system scope).
To answer this question subjects have to understand the structure of the
system and its functionality before they can decide what is outside the system
boundaries. Example: Identify the library classes of the system and for each class
describe how (Call, Inheritance, etc.) and by whom (class) it is used.
Question 3–Describe the services and dependencies of a specific class.
For this question the subjects have to understand the functionality of a specific
class in terms of operations, return values, etc. In addition, they have to
understand the interactions between classes. Example: Please, describe the
dependencies and inherited attributes of the class FScoring._
Question 4–Describe the functionality implemented by a number of classes (i.e.,
inherited operations that were overloaded).
This question requires the understanding of the systems architecture,
components, classes, and their interaction. Example: Please describe the
functionality of the methods target-hit() in the system.
Question 5–Discuss how the non-functional requirements are addresses within
the design and implementation of the system.
To answer this question, subjects have to deeply understand the system
documentation and have to trace non-functional aspects throughout design and
Springer
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implementation. Example: Please, describe shortly how the non-functional aspect
performance is treated and addressed within the design.
Appendix D. Verification Tasks
Verification is measured by asking the subjects to check the design and code
documents by performing pre-defined tasks, in order to identify defects (excluding
syntax errors). Although the systems differ, the tasks for both are comparable on a
generic level. In the following we describe, at a generic level, the tasks in more
detail.
Goal: The goal of this task is to verify if the given C++ implementation is correct
concerning its design.
Documentation: Verify the code by identifying all places within the design and
code documents related to any defects (excluding syntax errors). In doing so, please:

&
&

Enter the page and line number in the defect table.
Mark the identified place within the documentation. Use the number given in
the defect table to clearly identify the error.

Approach: Start with single classes of the design. If there are differences between
design and implementation, please check if this is a defect and if yes, document it
accordingly. In doing so, please perform the following activities for each class:

&
&
&
&
&

Check if the functionality of a design class matches its implementation.
Check if the implementation of a method (interface, visibility, etc.) matches its
design.
Check if the visibility, type, initialization, etc. of every attribute is correct.
Check if the dependencies (Associations, Inheritance, etc.) between classes are
correctly realized. Please pay special attention to overloading and inheritance of
operations.
Check if classes are correctly instantiated.

Appendix E. Debriefing Questionnaire (Translated from German)
The information you provide in this questionnaire may be very valuable to us.
Please answer each question as honestly as you can. Anything you write down will
be treated confidentially. Thank you.
Personal Details and Experience
Id. Number (e.g., A1): Qualifications (e.g., Informatik Vordiplom):
Please answer the following four questions based on this experience scale:

None
1
Springer

Little
2

Average
3

Substantial
4

Professional
5
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Base your answers upon what you knew before attending the course.
1. What is your experience with software engineering practice? (circle number).
1

2

3

4

5

2. What is your experience with design and code documents in general? (circle
number).
1

2

3

4

5

3. What is your experience with object-oriented documents (esp. UML & C++)?
(circle number).
1

2

3

4

5

4. What is your experience in performing verification tasks (identifying errors)?
(circle number).
1

2

3

4

5

Motivation and Performance
1. Estimate how motivated you were to perform well in the study. Please explain
your answer:
Not
1

Poorly
2

Fairly
3

Well
4

Highly
5

2. Estimate how well you understood what was required of you.
Not
1

Poorly
2

Fairly
3

Well
4

Highly
5

3. What approach did you adopt to do the exercise? (tick only one).
(a) Read the documents fully and then attempt the tasks.
(b) Read the documents while thinking about the tasks.
(c) Straight into the tasks, reading the documents as required.
(d) Other—please specify:
4.

Estimate the correctness (in %) of your answers to the understanding
questionnaire.

0 – 20
21– 40
41– 60
61– 80
81–100
1
2
3
4
5
5. Estimate the correctness (in %) of your answers to the verification tasks.
0 –20
21– 40
41– 60
61– 80
81–100
1
2
3
4
5
6. Estimate the accuracy (in %) of your answers to the verification tasks.
0–20
1

21–40
2

41–60
3

61–80
4

81–100
5
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7. Estimate the completeness (in %) of your answers to the verification tasks.
0 –20
1

21– 40
2

41– 60
3

61– 80
4

81–100
5

8. If you could not complete all the tasks, please indicate why. (tick only one).
(a) Ran out of time.
(b) Did not fully understand the task.
(c) Did not fully understand the design & code documents.
(d) Other—please specify:
9.

In your opinion, what caused you the most difficulty to understand the
documents? (mark only one).
(a) Nothing in particular.
(b) The notation (UML, C++) used.
(c) Inheritance.
(d) Cohesion in classes, i.e., the relationships within a class.
(e) Coupling between classes, i.e., the relationships between classes.
(f) Level of detail of the documents.
(g) Other — please specify:

10. In your opinion, what caused you the most difficulty to perform verification on the documents? (mark only one).
(a) Nothing in particular.
(b) The notation used.
(c) Inheritance.
(d) Cohesion in classes, i.e., the relationships within a class.
(e) Coupling between classes, i.e., the relationships between classes.
(f) Level of detail of the documents.
(g) Other — please specify:
Miscellaneous
1. How do you judge the size of the documents you had? (please circle).
2. On a scale of 1 to 10 estimate, in terms of understandability, the quality of the
documents you had. (1 – barely understandable; 10 – easily understandable).
Too small
1

Small
2

About right
3

Large
4

Too large
5

Please specify number:
3. On a scale of 1 to 10 estimate the overall difficulty of the tasks you have been
asked to perform. (1 – very easy; 10 – very difficult). Please specify number:
4. What do you personally think about using refinement and translation patterns
for system design and implementation? Please specify:
5. Having performed the tasks, would you do anything different the next time
around? Please specify:
6. Have you learned anything from participating in this study? Please specify:
7. Any additional comments?
Thanks once again.
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Appendix F. Histograms on Experimental Results

Fig. 14 Found defects per subject

Fig. 15 Verification correctness per subject
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Fig. 16 Verification completeness per subject

Fig. 17 Understanding correctness per subject
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