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ABSTRACT

Courses on software architecture and software engineering
need to explain the role of non-functional properties in soft-
ware design, and they often use student projects to highlight
their interrelations. Despite its critical importance in soft-
ware development, the property of traceability has so far
been mostly neglected.

This paper examines the role of traceability for teaching soft-
ware architecture and describes the objectives and structure
of two consecutive courses given by the author at the Uni-
versity of Tiibingen. The courses build on architectural pat-
terns as blueprints for achieving particular non-functional
properties. The vehicle for improving traceability is a se-
quence of small-scale projects, each of which includes the
phases of requirements analysis, design, and implementa-
tion. This iterative approach allows students to learn from
their experiences and to integrate the feedback on their so-
lutions into the next project.

Categories and Subject Descriptors
D.2 [Software Engineering]: Miscellaneous

General Terms
Design
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1. INTRODUCTION

Traceability is a central non-functional property of software
(e.g. [4, 23]): in order to produce maintainable, adaptable,
and extensible systems, the requirements must be linked,
through the system architecture and the design of individual
components, to the source code. The resulting consistency
of the overall system ensures that the system can be mod-
ified in the future without inadvertedly breaking existing
structures and mechanisms. Furthermore, traceability aids
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communication among developers, since new team members
or maintenance programmers can be confident that under-
standing single requirements and components will be suffi-
cient for contributing to the overall system.

Besides its established role in professional software engineer-
ing, a focus on traceability can also help students to become
better software engineers. The first case in point is the re-
lation between traceability and communication skills. Many
approaches to teaching software architecture, software engi-
neering, or object-oriented programing use projects worked
on by teams of students [18, 24, 17, 2, 14, 22, 20]. They em-
phasize the need for communication between different stake-
holders and the negotiation of technical decisions between
architects and developers. The central concern in such sit-
uations must be efficiency and precision of communication.
Requiring students to trace their architectural and design
decisions to the source code forces them to express the con-
cepts that underly their software consistently and succinctly.

A second motivation of enforcing traceability in course work
is that even senior students find it difficult to view their
software at different levels of abstraction. However, it is
a well-known fact (e.g. [30]) that software design requires
frequent changes of perspective, alternating between a high-
level conceptual view of the overall system structure and
a low-level implementation view for establishing feasibility
of the proposed solutions. Maintaining mental connections
between the different layers of abstraction is a prerequisite,
and traceability is a technical, and therefore concrete and
teachable concept that helps to fulfill it.

A third benefit of requiring students to trace their design to
the source code is that they get immediate feedback about
their design decisions. If parts of the implementation are
not clear and well-structured, they usually point back to an
ill-directed design decision. Unfortunately, many students
draw the wrong conclusion at this point by trying to solve
the evident implementation problems at the implementation
level (see e.g. [22, p. 258, item iv]), such that they fail
to identify an inconsistent design as the real source of the
experienced problems. Maintaining explicit links between
each piece of code and the corresponding design elements
may help to move into the right direction.

Despite these arguments, traceability has not received much
attention as a teaching objective. A notable exception is
Mitra et al. [22] who build a software engineering course



on a software process, called SEEM™ that emphasizes
traceability. Their experience is very positive in that stu-
dents appreciated the clear structure of the process and
could complete their term projects successfully. However,
their approach is tightly coupled to the particular process
chosen, the term project’s structure resembles an example
project discussed in the lecture, and the group of students
was small. All three points ensure that the instructors can
give constant feedback to students. We are going to investi-
gate where traceability occurs implicitly in general software
design methodologies, and show how teaching traceability
scales to larger, more complex, and more technical courses.

The above considerations form the basis for the project work
in two consecutive courses on software architecture given
by the author at the University of Tiibingen in Fall 2006
and Spring 2007. They were targeted at master-level stu-
dents with some experience in object-oriented programming
in Java, but without extensive exposure to project work or
software design. Differing from most courses described in the
literature, ours was not small: over 90 students expressed
their interest in participating, 79 submitted a solution to
the first project and 65 received a grade for first course, 45
for the second course.’

This paper presents the contents and organization of the
courses and highlights the role of traceability therein. Sec-
tion 2 outlines the content and motivates the chosen tech-
nical view on software architecture. Section 3 describes the
student projects in some detail in order to highlight the in-
creasing level of expertise that students needed to acquire
in order to solve the assignments. It also points out how
the organizational framework of the course can contribute
to the established goals. Section 4 summarizes the lessons
learned in the courses. Section 5 concludes.

2. COURSE CONTENT

Our courses on software architecture are characterized by a
strong emphasis on architectural and design patterns, as well
as frequent and detailed references to existing libraries from
the Sun JDK [28]. While patterns provide students with
well-developed structures for their own designs, the presen-
tation of concrete implementations helps them appreciate
this structure on the basis of concrete examples. Section 2.1
motivates our approach to architecture through patterns;
Sections 2.2-2.7 present the major topics of the course.

2.1 A Technical Perspective

The field of software architecture encompasses two comple-
mentary views on system development. The first view, ex-
emplified by the influential text by Bass et al. [5], empha-
sizes the architect’s task of making early decisions about
the overall system structure in such a way that both func-
tional and non-functional requirements are fulfilled and the
conflicting interests of different stakeholders are reconciled.
Corresponding courses [20, 18, 2, 22] usually simulate work
on a real-world, if simplified [29] project in the classroom.
The second view focusses on the software design and de-
scribes the software system as a set of interacting compo-
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nents [16]. A number of courses [9, 24, 6, 7, 17, 14] that
treat general software engineering or object-oriented pro-
gramming, rather than specialized topics of software archi-
tecture, have used this view to introduce the students to
the notion of software design through concrete project work
that leads to a running system.

We have taken the second view one step further by basing
our courses on established architectural patterns [11, 25],
with supplemental design patterns [15] and Java-specific ma-
terial [19] where appropriate. For the two-semester course,
we have selected 22 patterns and a number of coding idioms,
in particular in the realm of concurrent programming. The
presentation of the patterns follows the structure advocated
in [15, 11], which ensures the link to the first view on soft-
ware architecture: the benefits and liabilities of architectural
patterns clearly state the non-functional properties that are
influenced by applying the pattern.

A pattern description also includes an example implemen-
tation. Instead of a cut-down toy example, we have found
it useful to examine existing, concrete projects that use the
pattern. In many cases, good candidates could be found in
the API of the Sun JDK itself. Focussing on libraries rather
than standalone products has the advantage that the soft-
ware design of libraries is by nature more general than the
solutions to specific problems, and thus exhibits the pattern
more clearly. Furthermore, students acquire useful practical
skills on the way as they learn to use the library according
to the intention of its designers.

The rationale behind our focus on technical aspects of soft-
ware architecture is two-fold. First, only very few students
will be actively involved in architectural decisions in their
professional careers, most will work within a given system
architecture. Nevertheless, also developers need to under-
stand the overall system structure in order to achieve the
task at hand with minimal effort and to design their classes
consistently with the system’s architectural style. Second,
the decisions involved in creating a software design, let alone
a software architecture, must be firmly grounded in imple-
mentation experience. Even senior professionals find it dif-
ficult, for example, to predict the performance-related non-
functional properties of a system without building a pro-
totype. At a lower level, the design of a system is neces-
sarily based on the given technical constraints such as the
available libraries. Both concerns can be addressed by in-
troducing the students to patterns, since these capture both
design and implementation experience of professional archi-
tects, have been applied already in numerous existing sys-
tems, and clarify their benefits and liabilities.

Finally, we point out the connection between patterns and
traceability in teaching. The aim of traceability is greatly
simplified through the use of patterns, compared to a de-
sign created from scratch by the students. Students only
need to link the requirements to the choice of a particular
pattern, not its detailed structure. That structure is given,
and it only needs to be traced the implementation. Patterns
therefore act as building blocks for traceable decisions. Con-
versely, the aim of traceability also aids in teaching patterns:
most benefits of patterns [15] are invalidated if either the
wrong pattern is chosen for a particular problem or the pat-



tern is implemented incorrectly. Forcing students to make
these connections explicit helps in avoiding mistakes.

2.2 Responsibility-driven Design

It is a well-known fact that good programmers need a “the-
ory of programming”: it is not sufficient to understand the
exact meaning of a programming language; a programmer
has to reason about the program structure and the process of
programming. A popular approach that has proven very suc-
cessful in introductory courses to object-oriented program-
ming [6, 14], is to use objects and classes as models of reality.
For the purposes of the master-level courses described in this
paper, this approach is inappropriate. As Wirfs-Brock and
McKean [30] point out, the mechanics of software systems
differs so markedly from the behaviour of real-world entities
that a resemblance can be at best a guiding principle and
a vehicle for communication with users and customers, but
not a self-contained basis for software design.

Responsibility-driven design [30] proposes the metaphor of
a software system as a community of objects that collabo-
rate to implement the system’s functionality. Even though
some objects, called the domain objects, may correspond to
real-world entities, the focus remains on objects as software
artifacts. The design process is iterative: the designers start
with candidate objects that are assigned individual respon-
sibilities, each of which contributes a particular, logically
coherent fragment to the overall functionality. Whenever
an object requires a computation step that is part of an-
other object’s responsibilities, it collaborates with that ob-
ject. Whenever the responsibilities of a candidate object be-
come logically incoherent, or are found to require a large im-
plementation, a re-design is indicated, in which new candi-
dates are introduced, responsibilities are re-distributed, and
collaborations are re-evaluated.

Responsibility-driven design has several immediate attrac-
tions for the teacher. Budd [10] demonstrates with sev-
eral examples that responsibility-driven design appeals very
strongly to the intuition of the designer, while maintaining
the link to the implementation level at all times. Further-
more, we have found that the emphasis on graphs, rather
than hierarchies, of collaborating objects helps students to
leave behind the mechanics of method calls and procedural
solutions in favor of a message-passing style of programming.
Next, CRC cards (e.g. [30]) are inexpensive and very con-
crete representations of candidate objects. Logical connec-
tions between objects can be indicated by placement, and
collaboration scenarios can be simulated by moving cards
around. Finally, the concepts of responsibility-driven design
match directly with the elements-and-interactions view on
software architecture [16], and its terminology can be found
throughout the software engineering literature, in particular
in pattern descriptions [15, 25, 11].

Responsibility-driven design is also eminently suitable to
teaching traceability, since its concepts have one-to-one cor-
respondences with the source-code level. Beyond the obvious
matches for objects and classes, we have found the concept
of roles to be a useful foundation for explaining the correct
use of Java interfaces: many, especially advanced students
tend to over-design their first object-oriented programs in
order to create “abstractions” and to introduce “flexibility”.

The interfaces defined for this purpose are, in fact, derived
from a specific implementation, and have therefore only one
concrete class implementing them. Forcing students to spec-
ify explicitly the responsibilities of any object implementing
the interface helps discern real and useful abstractions from
the technical, shallow generalizations that merely introduce
complexity without providing benefits. Using roles for ex-
plaining Java interfaces also complements the pedagogical
considerations by Schmolitzky [26] for introducing interfaces
before inheritance.

Beyond enabling the technical link between design and code,
responsibility-driven design also emphasizes the traceability
from requirements to design. The design process proposed
by Wirfs-Brock and McKean [30] explicitly requires allotting
the responsibilities for given requirements to objects, and to
validate the design by checking that the objects’ collabora-
tions will finally implement all requirements. With this last
step, the process enables complete traceability from require-
ments analysis to source code.

2.3 Interactive Systems

Since most software systems today include a graphical user
interface, we have chosen their basic software structure as
the first topic in the course. Graphical user interfaces also
have the advantage that the concrete representation on the
screen can be traced directly to the design and implementa-
tion, which supports understanding and is very motivating
for the students.

The central pattern for this application area is, of course, the
MODEL-VIEW-CONTROLLER (MVC) pattern [11]. An OB-
SERVER pattern [15], embedded inside the MVC, connects
the model with the views to keep the screen representation
up-to-date. Most courses that treat graphical user inter-
faces stop at this point (e.g. [22, 24]). However, the field
offers many relevant patterns beyond the basic ones, and we
have treated them: the VIEW HANDLER [11] introduces a
component that maintains the relations between views and
models; its main responsibility is the management of both
model and view life-cycles. COMMAND PROCESSOR [11] ex-
plains how undo/redo mechanisms can be implemented on
top of the MVC, using COMMAND [15] to represent user ac-
tions and possibly MEMENTO [15] for storing extracts from
previous model states without breaking encapsulation. In
order to present a different view on the area, the lecture,
but not the projects, also included the PRESENTATION AB-
STRACTION CONTROL (PAC) pattern [11].

2.4 Extensibility

The second broad topic covered in the first semester was
extensibility. In the context of maintainability and adapt-
ability, software engineers have always emphasized this non-
functional property. With the success of the Eclipse IDE
[13], the importance of plugin mechanisms has been com-
monly accepted. It is therefore a natural question to ask
how extensibility can be achieved by appropriate software
structures.

Extensibility is a particularly difficult subject to teach. It
requires designing a family of software systems, rather than
a single system, and to capture the commonalities of all
desirable extensions without having a definite and complete



list. In short, extensibility requires inventing abstractions,
which in turn can only be drawn from extensive experience
with similar systems.

We have started with the classical PIPES&FILTERS and LAY-
ERS [11]. Both are not only patterns, and therefore solu-
tions to specific design problems, but also general architec-
tural styles [16] underlying many software systems. Because
of their relative simplicity, they can serve to demonstrate
the requirement of defining general, abstract interfaces with
which extensions can collaborate. We have chosen the IN-
TERCEPTOR pattern [25] as the central structure of exten-
sible systems, since it explains how to extend a given, and
often substantial framework with new services that can be
implemented in comparatively small modules. It is also sub-
stantiates the claim that extensibility requires very abstract
design: the behaviour of the framework is represented by a
finite state machine, whose transitions trigger notifications
of the registered interceptors. An analysis of the request
processing of the Apache web server [12] has made the gen-
eral setting more concrete. There, the FSM is reduced to a
linear sequence of processing steps, and the interceptors can
register to perform one or more of these steps.

2.5 Concurrency

The second semester of the course focuses on performance-
related non-functional properties such as scalability, latency,
and throughput. Its overall topic is concurrent and parallel
execution as a fundamental prerequisite to attaining these
goals. The treatment is based on [19, 25].

The starting point are the concurrency control mechanisms
built into the Java language, i.e. interference control by
synchronized blocks, thread synchronization via the meth-
ods Object.wait(), Object.notify(), and thread control
via Thread.interrupt (). Building on these, we have treated
the utility classes from the java.util.concurrent package
of the JDK. This also includes presentations of the classi-
cal concepts of mutexes, semaphores and solutions to pro-
ducer/consumer problems with synchronized queues.

To make the complexity involved in concurrent and in partic-
ular parallel programming very explicit, we have also given
one lecture on formal reasoning about concurrent programs
[3] and one on the Java memory model [21].

2.6 Encapsulating Concurrency

Systems that use concurrent execution are hard to design
and hard to implement correctly. It is therefore desirable
to introduce abstractions that shield the larger part of the
system from considerations on concurrent execution, while
still maintaining its benefits.

The ACTIVE OBJECT pattern [25] achieves a hidden concur-
rent execution by means of a PROXY [15] object: calling the
proxy’s method internally triggers an asynchronous, possi-
bly concurrent execution of the corresponding method in a
service provider object. Using ACTIVE OBJECT also requires
to handle the results of asynchronous operations, which is
explained by FUTURES [25], COMPLETION CALLBACKS [19],
and ASYNCHRONOUS COMPLETION TOKEN [25]. A second,
related way is given by lightweight executable frameworks
[19], which allow the application to submit task objects for

later execution. This concept can again be made concrete
by the Executor framework from the JDK.

2.7 Asynchronous Processing

After mastering the technicalities of concurrent execution,
we have treated the problems of latency and throughput by
considering the overhead that classical concurrency control
mechanisms incur.

The REACTOR [25] captures a possible structure of scal-
able high-performance servers. The reactor itself is single-
threaded to avoid the performance penalties of locking while
receiving client requests, but it is desirable to execute the
requests concurrently. Even though an AcTIVE OBJECT
achieves this goal, it requires synchronized access to a re-
quest queue. The LEADER/FOLLOWERS pattern [25] ad-
dresses this concern. The lecture also presents a concrete re-
alization of a chat server that broadcasts incoming messages
to all connected users. Using Java’s NIO channels [28] intro-
duces the students to an existing infrastructure that allows
them to build reactors. While the REACTOR describes the
efficient handling of requests arriving from multiple clients,
the PROACTOR [25] pattern addresses the complementary
problem of dispatching requests to multiple servers asyn-
chronously and receiving the results efficiently. Finally, we
have presented optimistic concurrency control in the form of
a transaction framework [19].

This final and most complex topic of the course also makes
the combined benefits of patterns and traceability for teach-
ing most visible, since the underlying considerations and
structure of a reactor-based system cannot be understood
by considering the technical foundations alone. For instance,
even Stevens’ very detailed and most readable presentation
[27] of the select function, which is a possible technical
basis for implementing a REACTOR, cannot convey how the
shown toy examples scale up in a real server, and Stevens
gives scarcely any motivation for preferring the complex
select solution over the simple blocking accept/fork so-
lution. Precisely the missing arguments are obtained by
tracing the non-functional requirements of scalability and
low latency to the choice of the REACTOR pattern, and from
there to the concrete implementation.

3. THE PROJECTS

Project work is a central ingredient in many courses on soft-
ware engineering and object-oriented programming [14, 24,
17, 22, 2, 18, 20]. This section motivates our approach of us-
ing several small-scale, rather than one large-scale project,
and describes the assignments.

3.1 Considerations on Assignments

The standard approach in project work is to set a single
assignment that is solved in stages through the semester,
mostly in parallel with the software process taught in the
lecture. Since our course is not process-centered, we have
decided to use several small-scale projects of increasing com-
plexity and with different types of systems. In this setup,
students can gain experience with a greater number of pat-
terns. Ideally, the patterns that they use in the projects have
just been covered in the lecture. Furthermore, elementary
design-problems will occur repeatedly and will be learned



more easily by students (see also EARLY BIRD and SPIRAL
in [8]). A second motivation for a repetitive approach is that
the students have the chance to make mistakes, to discuss
them with the teaching assistants, and to avoid them in the
subsequent projects (see also MISTAKE in [8]). As the first
project can be solved by elementary means, students also
get a system to run early, which is always a very rewarding
and motivating experience.

The next question is how to set the assignments. Since the
course content focuses on architectural patterns, we have
chosen to let students re-implement well-known applications.
This decision reduces requirements analysis to choosing fea-
tures, and focuses the project work on the main teaching
objectives of software design and implementation. Students
have also told us that they were motivated precisely because
they had already seen a similar application, and felt chal-
lenged to emulate or even exceed its functionality.

3.2 Organization and Grading

The projects are worked on by teams of 3 or 4 students in
in about 3-4 weeks, depending on the expected size of the
solution. Since all students are expected to cover the en-
tire material, there is no distinction between different roles
within a team. The small size of teams was chosen to enable
effective assessment of the individual contributions. The
work proceeds in two phases: in a 1-week analysis and de-
sign phase, the students decide what functionality should be
implemented and create an initial design using CRC cards.
They present this design to a teaching assistant who gives
feedback on possible flaws and the correct application of
patterns. It is important to point out that no grade is given
for the design at this point, because we want to encourage
students to learn about software design from their imple-
mentation experiences (see MISTAKE in [8]). The remaining
2-3 weeks are spent on the implementation and documen-
tation. The students hand in the source code and a 2-page
project description. The project description presents the fi-
nal design and indicates how it is implemented in the source
code. Furthermore, any changes to the original design have
to be highlighted and justified.

We have found this latter traceability requirement very im-
portant for practical purposes: it forces students to think
about how the teaching assistant can understand the code
they have written by relating code and design. In this
manner, we have been able to teach 75 students, i.e. 20
teams, with three teaching assistants, the instructor getting
an equal share of teams.

Grading criteria must match the teaching objectives to be
effective. The major teaching objective is delivering un-
derstandable source code that corresponds directly to the
design, and a design that matches the given requirements.
There are four possible grades: a “+” is given for under-
standable, clearly designed solutions that employ patterns
correctly, and in which the project description clarifies the
links between design and implementation. A “v"” indicates
that the design and implementation use the concepts from
the lecture adequately. A “—” indicates that the software is
not acceptable, because it violates responsibility-driven de-
sign principles, or because patterns are applied incorrectly.
Finally, a “fail” is given if fundamental concepts of object-

oriented design, such as encapsulation of fields, are violated
in several places. Over the semester, the students had to
compensate “—” grades with “4” grades, but were allowed
one remaining “—".

3.3 MailViewer

The MailViewer application is a simple, light-weight tool
for inspecting the content of standard UNIX mail boxes. Its
task is to read in a mailbox file and to display a summary
table of all mails with subject, sender, and date. When the
user selects a mail, the header fields and mail body are to
appear in a separate window.

The MailViewer project serves as an introduction to the
Swing library [28]. Extracting the headers and bodies from
a mail box file is straightforward. The students therefore can
concentrate on reading the API documentation and applying
elementary Swing mechanisms for ListSelectionListeners
and ActionListeners. The JTable component with a
DefaultTableModel is sufficient for this project. The lec-
ture has at this point provided examples on Swing, such
that the students obtain an immediate success in creating
their own user interface. Finally, students make the expe-
rience that their designs are very much constrained by the
available libraries, and that existing mechanisms and ab-
stractions should be exploited where possible (see also [1,
Section 6.1]).

3.4 Calculator

The next project is a simple desktop calculator. The user
enters digits by buttons, and the digits form a number in a
display component. The four basic arithmetic operations are
also triggered by buttons. When the user enters 4, 2, and +,
for example, the number “42” is stored as a temporary result
and the operation + is stored to be executed as soon as the
next number is complete. Advanced students are challenged
to implement operator precedences and parentheses.

This project clearly requires responsibility-driven design, as
none of the obvious components can provide the function-
ality on its own: each button enters only a single digit or
operation symbol, but they do not have sufficient informa-
tion to carry out any operations. Note also that building an
object-oriented model of the calculator is not enough, since
objects that store temporary results and the already typed
operation symbols are software artifacts that do not have a
real-world counterpart. Many teams also came up with a
central object that coordinated the services of the others,
thus finding the MEDIATOR pattern [15] by themselves.

3.5 MiniXcel

MiniXcel is a spreadsheet application. It displays a table
in which the single cells contain formulae that can contain
references to other cells of the table. Each cell therefore has
a current value that is computed from the stored formula by
reading the values of the referenced cells. The computation
stops when a cell contains a constant formula, it fails when
cyclic references are found. When the user updates the for-
mula of one cell, its value is re-computed and all dependent
cells need to be re-computed as well.

The project starts when the MVC pattern has been in-
troduced in the lecture. The main design goal is to ob-



tain a strict separation between the model of the spread-
sheet, which manages formulae, cells, and references be-
tween cells, from the user interface, which merely displays
the current value of each cell and allows the user to edit
formulae in a separate JTextField. A parser for formu-
lae was provided. The requirement of using a JTable also
forced students to implement their own TableModel and to
notify TableListeners, in particular the JTable, about any
changes. Using the already fixed structure of Swing’s vari-
ant of the MVC helps students to obey a strict model/view
separation, since this separation is already manifest in Java
interface definitions.

In a second 2-week phase, the students extend their spread-
sheet model with Undo/Redo functionality using the CoM-
MANDPROCESSOR pattern, and possibly a MEMENTO to store
state information. By extending their already understood
software, students can see the relations between the MVC
and the COMMANDPROCESSOR clearly.

3.6 Formula Editor

Many word processors today feature a graphical editor for
mathematical formulae. A reduced version for the project
handles formula with fractions and parentheses that grow
to the size of the contained formula. The user can manipu-
late the formula interactively: a cursor indicates the current
position and typing or deleting elements changes the layout
immediately. Fractions and large parentheses are inserted
using toolbar buttons, other characters are just typed.

This project introduces two typical complexities connected
with the MVC pattern. First, the view component has to
store the layout in a data structure that mirrors the struc-
ture of the model. This stored layout data enables the view
to position the cursor and the controller to interpret key-
presses and mouse-clicks. Second, it is necessary to find for
each kind of formula element in the model a correspond-
ing view element that can perform the layout. Since the
model is to be independent of the view, the necessary map-
ping leads to a natural application of ABSTRACT FACTORY
[15]. To simplify the assignment, we allowed students to use
FACTORY METHOD [15] instead.

3.7 Desktop Publishing

The final project is a desktop publishing tool that is exten-
sible by plugins. The overall idea is that a page contains
general elements, and plugins can provide new types of ele-
ments. For the project, elements always occupy rectangular
areas on the page and do not interact with one another.
The user can manipulate the position and size of elements
interactively and can also edit the content of elements.

The project demonstrates the complexity of achieving exten-
sibility (Section 2.4). The students have to implement a core
framework, and to define roles and corresponding interfaces
for models and views of page elements. A class that loads
classes from JARs was provided. The goal is a minimal so-
lution with two plugins, one providing text elements based
on a JTextPane, the other implementing picture elements
based on a JLabel painting an Icon. The main challenge is
to design the collaboration between the framework and the
plugins for different events.

3.8 WWW Link Graph

The second semester of the course, especially the Java thread
semantics and the foundations of concurrency (Section 2.5),
contains much technical material and concepts that students
are not familiar with. In particular, the fact that the sched-
uler decides on the order of the execution of individual JVM
instructions is in stark contrast with the deterministic execu-
tion model taught in introductory courses. We have there-
fore decided to have only two projects, and to use weekly
assignments to prepare the students for the projects. The
grading of these weekly assignments was based on a per-
centage of points, rather than the four categories of the first
semester.

The first project is a program that constructs a graph in
which the nodes are WWW sites and an edge (A, B) exists
if one of the pages from site A contains a link to one page
from site B. The program is to trace links between HTML
pages to discover edges. In order to optimize the overall run-
time, several downloads should occur simultaneously, and
links from an HTML page should be extracted concurrently
with the downloads.

The assignments before the project treat the Java language
mechanisms and the utility classes from the library for thread
synchronization. The project itself is then solved by elemen-
tary responsibility-driven design in order to understand the
structure. In a second step, the students refactor their solu-
tions to use the ACTIVE OBJECT pattern.

3.9 File Server

The second project addresses the REACTOR pattern for scal-
able systems. The goal is to implement a simple file server
resembling an FTP server. In the weekly assignments before
the project, the students implemented an abstraction mes-
sage, such that message objects could be received and sent
by the reactor. Any message contains a fixed-size header,
whose structure varies with the message type, and an ar-
bitrary-length body of byte data. The main objective in
the project was to make all socket-related operations non-
blocking in order to avoid stalling the server in case one
client failed to send data or accept the transmitted data.

4. EVALUATION

This section summarizes the insights gained from teaching
the course. We derive them from two sources: the feed-
back given by students and the experiences reported by the
teaching assistants.

4.1 Student Feedback

There have been two evaluations of the courses: the official
survey conducted by the department and a set of specific
feedback questions prepared by the author. The nature of
the survey questions allows only deductions on the quality of
the course. Each question can be answered on a scale from 1
to 5, where 1 is positive and 5 is negative; the students
may also choose “not applicable”. Figure 1 below shows the
detailed counts for those questions connected to the course
organization. From the average values, we conclude that
students approved of the general quality of the courses (A).
In particular, they found that the assignments were strongly
related to the content of the lecture (B) and have helped in



repeating and understanding the concepts (C). They also felt
that they had learned something useful and important (D).
Even though the second course appears to have been judged
slightly better, no strong conclusions about the organization
should be drawn: only those students who approved of the
first course would continue in the second one.

The final question (E) concerns the students’ feeling about
the adequacy and fairness of the grades assigned to their so-
lutions. Here, a substantial change in the quality of answers
occurs between the courses. Even if we assume that those
answering 4 and 5 did not attend the second course, the
relative weight between 1 and 2 is reversed. We conclude
that the strict division between “acceptable” and “unaccept-
able” solutions introduced in the first course (Section 3.2)
was perceived less fair than the more fine-grained grades in
the second course (Section 3.8).

First Course Second Course
Question | 1 2 3 4 5 | Avg | 1 2 3 | Avg
A 26 14 1.39 |15 3 3| 1.17
B 23 15 2 1.48 | 11 7 1.39
C 28 10 2 1 141 |13 6 1.32
D 34 9 1 1.25 |16 3 1.16
E 9 17 4 1 2209|110 6 1| 147

Figure 1: Survey Results

The specific feedback questions had a positive and a nega-
tive form and were meant to elicit good and bad practices for
teaching object-oriented programming in general and pat-
terns in particular.

e Which three points did you like/dislike about the as-
signments?

e What has/would have helped in learning and using
patterns?

e What has/would have helped in learning object-oriented
design?

Since answers were to be given in textual, non-standardized
form, statistics are not available. For the first pair of ques-
tions, most students appreciated teamwork on concrete and
obviously “useful” projects as an essential ingredient. Sev-
eral pointed out that developing their ideas on their own into
a concrete system was very motivating and gave them confi-
dence in their abilities. It is interesting that many preferred
the more complex and also more time-consuming project as-
signments of the first course to the more confined worksheets
introduced in part two.

We can summarize the answers for the second and third
pair of questions, because they turned out to be similar.
A large majority of students agreed that detailed feedback
from teaching assistants and the concrete implementation
experience were essential for learning both patterns and gen-
eral object-oriented design. Planning projects with patterns,
developing CRC-cards for pattern, and writing a design de-
scription were further answers. One student also commented
on the small-scale projects: “Many new examples in projects,

in which one could always try anew to make the design more
perfect.”

The overall result is that students needed to follow the con-
cepts presented in the lecture to concrete source code in
order to understand them. The need for discussions at ev-
ery stage shows that neither the step from patterns to a
concrete design, nor the step from a complete design to the
source code are straightforward for the learning software en-
gineer. Even though no student mentions traceability explic-
itly, their preferences show clearly that they appreciated the
opportunity to see how their initial solutions would turn out
in the concrete implementation, and to connect the concepts
with the structure of the source code.

4.2 Observations by the Teaching Assistants
The teaching assistants and the instructor met on a weekly
basis to discuss the progress of students and in particular the
performance in projects. The most important problem that
occurred was that students found it difficult to implement
the patterns presented in the lecture directly, even though
example implementations on the basis of the JDK library
had been given. Students also could not explain their design
properly without recurring to the concrete implementation
details. A most motivating feedback, on the other hand, was
the immense zeal that the students showed in solving the
project assignments, in particular the application programs
in the first part of the course.

We found, however, that through the semester students got
more “professional” in dealing with design presentations and
subsequent implementation work. Where the first solutions
needed much re-structuring and students were insecure about
their designs, the later projects were approached with much
more confidence and some overview and even discussions
about alternative designs.

Again, these observations argue for a greater emphasis on
traceability in teaching patterns: if most students find the
task of transforming patterns to source code hard, then it
is better to confront them with this complexity during their
university education rather than on their first job, where the
quality of the produced code may have a direct impact on
the success of the project they work on.

A final remark concerns the grading scheme from Section 3.2.
In general, it has fulfilled its goal in forcing students to de-
liver solutions acceptable by software engineering standards.
However, the teaching assistants often found it hard to dif-
ferentiate between “v"” and “—” grades, because a “—” had a
severe impact on the team’s chances of passing the course.
If students are to be allowed to make mistakes, as postu-
lated in Section 3.1, then mistakes remaining in the solution
must not have too severe consequences. This observation co-
incides with the students’ feedback about grading discussed
in Section 4.1. In conclusion, a better grading scheme would
define firm lower standards for acceptable solutions, but be-
yond this would be flexible to capture differences in quality
in a fine-grained manner.

S. CONCLUSION

We have presented a two-semester master-level course on
software architecture with a strong focus on architectural



and design patterns. It covers topics ranging from basic
responsibility-driven design, over interactive and extensible
systems, to architectures for scalable network servers. The
software structure of these systems has been presented in the
form of 11 architectural and 11 design patterns. Most exam-
ple implementations of patterns have been taken from the
Sun JDK. The course has been taught in Fall 2006 (79 par-
ticipants) and Summer 2007 (45 participants) and will be
repeated starting in Fall 2008.

The assignments are organized as 7 projects to be solved by
teams of 3—4 students. Each project starts with a 1-week
analysis and design phase, followed by a 2-3 week imple-
mentation phase. After one week, the students present their
design to a teaching assistant and receive feedback. At the
end of each project, they hand in a 2 page project descrip-
tion and the source code of the running system.

The main insight gained from the course is the strong con-
nection between patterns and traceability in teaching. Stu-
dents report that they have learned patterns best by apply-
ing them in a concrete project, by discussing the resulting
design with their team members and the teaching assistants,
and by implementing the design in a running system. In
other words: they found it necessary to trace the pattern
structure to the design, and from there to the implementa-
tion in order to grasp the details of the pattern.

The second observation is that multiple small-scale projects
are a viable way of teaching a complex topic. Through the
repetition of the development process, students get more and
more confident about the expected outcome of each phase.
They also can try their hand at a design, learn from the
experience of implementing it, and improve their next design
with this new knowledge.

Acknowledgement. 1 am greatly indebted to my teach-
ing assistants, Monika Kochanowski, Julia Trieflinger, and
Daniel Faber, for their eagerness to discuss and elaborate
software designs, and to support students in attaining the
course goals. With their own expertise and overview in soft-
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of the lecture and have expertly supervised the concrete re-
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