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Abstract. This paper presents our experiences with teaching object oriented programming at the uni-
versity and in the industry. We believe that the object-oriented paradigm shift makes it necessary to
depart from the traditional pedagogy for programming in the small, based on sequence, selection and
iteration, in favor of higher level programming based on the contract paradigm and behavioral sub-
typing. These experiences resulted in a Dutch book, Objectgericht programmeren met Java. We dis-
cuss why we think such a change is necessary, the pedagogy and structure of the courses and the
book, the didactic form we use, and the results we got over the last 5 years. We conclude with some
ideas for future change of the course and the curriculum.

Introduction

Since 1997, we teach a course on object-oriented programming. The course is taught as the second pro-
gramming course in different academic programs in computer science and electronic engineering, and
under contract for the industry. Our experiences led to a book in Dutch, which is now in publication
[Steegmans, Dockx 2002].

Traditionally in a university program in computer science, there is a first programming course that has
a more intuitive approach. The second programming course is considered to teach the science of pro-
gramming. This course traditionally is a variation on the pedagogy introduced by Dijkstra and Hoare
[Dahl, Dijkstra, Hoare, Genuys 1972], and Wirth [Wirth, 1976]. The traditional second course focuses on
techniques to develop and reason about algorithms, and introduces a number of well-known data struc-
tures and algorithms (which would be called low-level patterns in this day and age). The course mainly
focuses on programming-in-the-small. Our course still is called Informatie- en programmastructuren,
which is Dutch for Data Structures and Algorithms. It evolved out of the traditional second programming
course, and still has to fill more or less the same space in the computer science program. However, the
content does not really fit the title anymore. Object-oriented programming is significantly different from
traditional, imperative procedural programming, and a different pedagogy is in order.

Below we will sketch the pedagogy we use for teaching object-oriented programming, and our experi-
ences with it. Obviously, this is a work in progress.

Java is used in our course as the example language.

2 Kinds of Existing Pedagogies

We have recognized 2 existing general approaches to teaching object-oriented programming. Neither
seemed suitable. We find books that focus on a language, and books that focus on programming.

Most handbooks on object-oriented programming limit themselves to a very detailed discussion of all
concepts that are offered in a programming language such as C++ or Java. These books mostly com-
pletely pass over the art of good programming. These kinds of books are useful for persons that are al-
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ready experienced in object-oriented programming, to quickly learn the technical details of a new object-
oriented programming language. In our opinion it is not wise to use this approach as a first contact to
object-oriented programming, or programming in general. The main reason for this is that the current
generation of (object-oriented) programming languages allows for a large number of constructs that
should not be used in good object-oriented programs. The concepts that form the basis of good object-
oriented programming originated after the community gained experience with object-oriented program-
ming languages: it has taken us a number of decades to find out which techniques do lead to better soft-
ware, and which do not. A language such as C++ carries an enormous load of old technology. In this
respect Eiffel as well as Java are a huge step forward, but still we find in even the best language oriented
books examples that are not acceptable according to the principles of good object-oriented programming.
Of course an intimate knowledge of the typical syntactic concepts of object-oriented languages is essen-
tial. But even more important than acquiring this rather technical background, is to know how these con-
cepts should be handled to come to high-quality software. Inheritance, e.g., is 1 of the pivot concepts of
object-oriented programming, and one cannot do without knowing the rules that govern the definition of a
subclass. At least equally important though it is to know the principles that need to be applied when a
class hierarchy is developed. Moreover, people should be aware of the advantages that inheritance brings
to object-oriented programming languages over languages without inheritance.

For over 30 years, programming courses follow the same pedagogy. Dijkstra and Hoare are most cited
for laying the foundation for this pedagogy in Structured Programming [Dahl, Dijkstra, Hoare, Genuys
1972][Dijkstra 1969-1970], together with Wirth in Algorithms + Data Structures = Programs [Wirth,
1976]. According to this pedagogy, programming is based on 4 concepts — sequence, selection, iteration
and abstraction — and programming is taught based on these 4 concepts. This approach has proved ex-
tremely successful to teach people the art of structured programming in imperative procedural languages.
We believe however that these 4 basic concepts have becomes less important in object-oriented pro-
gramming. They are relieved by new concepts: encapsulation, object structure and object interaction, and
inheritance, polymorphism and dynamic binding. Methods in object-oriented programming are so small
that the techniques to develop complex algorithms, such as stepwise refinement, have become less rele-
vant. The complexity in most modern software has moved from the algorithms to the interaction between
objects. Complex selection structures have shown to be the most vulnerable elements in software sys-
tems. In object-oriented programming we strive for as little explicit selection structures as possible, in
favor of implicit selection through dynamic binding. The major complexity in algorithms has always been
iteration structures. In object-oriented programming, by applying encapsulation and reuse, we are capable
to implement this complexity once and for all, correctly and efficiently, and use it where we need it with-
out headaches [Dockx, van Dooren, Steegmans 2001][Dockx, van Dooren, Steegmans 2001a]. Good
structures that support weeding out iterations are very recent [Blakeley, Dockx, van Dooren 2001]. This
surely is one of the areas where object-oriented programming will further evolve in the near future. Most
books that have learning how to program as their primary goal are not adapted to object-orientation. The
classic pedagogy is used, with Java syntax instead of, e.g., Pascal as example language. Object-oriented
concepts are mostly introduced at the end of the book, almost as an afterthought. This gives rise to the
impression that object-oriented programming is merely an extension of classic imperative procedural
programming. We believe that object-orientation needs a new pedagogy. The old concepts are still im-
portant, but only for programming-in-the-small; they are no longer are the heart of the matter.

Overview of the Course

In the course most concepts of good object oriented software development are discussed based on the
contract paradigm, as presented by Meyer [Meyer 1991][Meyer 1997], extended with behavioral subtyp-
ing [Liskov, Wing 1994]. These techniques lead to guidelines that a developer can use to decide whether
or not his code satisfies logical rules of good code. We use a formal behavioral interface specification
language (BISL). A concise table of contents is shown below.

In the first part of the course we focus on the definition of a class as a description of objects with
common properties and behavior. A class is looked at as a contract between the developer of the class and
the users. This leads to 2 complementary descriptions of a class, the specification on the one hand and the
implementation on the other hand. We tell students that in the field they can decide whether they want to
specify informally, structured or formally, but in the course we try to be as formal as possible. The part
ends with a discussion of total methods and robustness, introducing exceptions as the modern way of
doing things. Most basic Java features are introduced on the fly.



In the second part of the course the accent
moves from the development of 1 single class in
isolation to the structuring of software systems
as a whole of related classes. To enable commu-
nication, first we need relationships between
objects. In this part several strategies are dis-
cussed to realize different kinds of relationships.
To be able to represent the relationships be-
tween classes in a software system in a concise
way, a very limited graphical notation, based on
UML, is introduced. This is the first small step
for students on the way to object oriented design
of software systems. During this discussion, the
need to work with references and to manage the
memory becomes apparent. Also, packages are
discussed, because in Java this gives you the
opportunity to create methods with limited ac-
cessibility. In the C++ version, friend declara-
tions are used, and namespaces are only men-
tioned as a syntax feature. When discussing
relationships, multiple associations show up,
which need arrays or more advanced data
structures and iterative algorithms to get imple-
mented. This leads to a discussion of loop vari-
ants and invariants as key in the reasoning about
the algorithm, in the tr.aditional way. o « Nested classes.

The topic .of the third ~part of the course is in- Part 4: Algorithms and Data Structures
herltance. First the basics and the syntax are « The Java Collections APL
introduced through examples of extension in-
heritance, focusing on reuse. Polymorphism,
overwriting methods and dynamic binding are
discussed in the context of specialization in-
heritance. The concepts of static and dynamic
type play a pivotal role here. The third chapter brings the underlying theory that shows which inheritance
hierarchies are correct and which are not: behavioral subtyping. This is considered a natural extension of
the contract paradigm. Interfaces are discussed as reverse contracts, with the event pattern (a.k.a. Ob-
server/Observable [Gamma, Helm, et al. 1994], or Model-View-Controller, or MVC) as example. The
introduction of nested classes closes this part.

In the fourth part, recursive and iterative algorithms are compared, using the agenda mechanism, and
backtracking is discussed. Basic list forms are shown, exposing e.g. the concept of sentinels. The last
chapter studies trees, binary trees, binary search trees and AVL trees in short. The Java Collections API is
discussed also. Obviously, this is part of the traditional content of the Algorithms and Data Structures
predecessor course. We have tried to bring this content in a more object-oriented way, e.g., using encap-
sulated instance methods instead of static methods using data classes without behavior, as most books do.
Time is very limited though. This part is not used when we give the course in an industrial context. We
presume that participants have had a traditional Algorithms and Data Structures course.

At several points in the course object-oriented code is compared to equivalent implementations in tra-
ditional procedural languages, like Pascal and C. This can be important to help persons that already have
a background in procedural programming. Persons that do not have such background can skip these pas-
sages. We also discuss how to validate object-oriented programs. Testing is introduced in the first chap-
ter, and static verification at the end of the chapter on the contract paradigm. After that, with every new
concept that is introduced, also how to verify it is discussed.

The principles of object-oriented programming are concretized in the course in a number of rules,
which are repeated at the end of each chapter. These principles are not aimed specifically at the develop-
ment of object-oriented programs in Java. We are convinced that most of the rules that are put forward
are usable when developing code in other object-oriented languages, such as C++, Ada ’95, Object Pas-
cal, Eiffel or Smalltalk.

Throughout the course, students are exposed to design patterns [Gamma, Helm, et al. 1994], Java idi-
oms and the foundations of object oriented frameworks. This provides a basis for a deeper study of these
subjects later, when students have more practical experience and view these techniques in a proper con-
text.

The book does not address interfaces, nested classes or the 4" part of the course.

Part 1: Classes in Isolation

« Introduction to classes and objects, covering
encapsulation and valued semantics versus
reference semantics.

« Principles of contractual programming by
means of preconditions, postconditions and
type invariants.

* Principles of robust programming, with a
thorough discussion of exceptions.

Part 2: Object Interaction and Relationships

+ Realization of single and multiple associa-
tions between objects, using package accessi-
bility in Java.

 Study of constructors and termination and
garbage collection in Java, with strategies for
avoiding memory leaks.

Part 3: Inheritance

« Introduction to several extension and speciali-
zation inheritance, linked to the notions of
polymorphism, static and dynamic type, and
static and dynamic binding.

» Development of class hierarchies using be-
havioral subtyping as guideline.

+ Study of Java interfaces as reverse contracts,
using the vent pattern as an example.

+ Recursive implementations & Backtracking.
 Lists.
« Trees.




Java as the Example Language

In the first place, we teach object oriented programming. That the programming language Java is used is
of less importance. We do believe that Java is the best programming language for most programming
tasks demanded of developers in this day and age, but basic concepts of object-oriented programming are
more important than, and are independent of, any given language. De concepts we study can be applied
equally well to C++, Eiffel, Smalltalk, Ada ’95 or Delphi. We have a C++ version, which is sometimes
used when we teach the course for companies.

This approach is rather important in our opinion. Often people are trained in applying techniques or
idioms, and the underlying rationale of these techniques is passed over. In our experience, it is more effi-
cient to train people, of any level, in the academia as well as in the industry, with a deep insight in the
matter. This demands for a higher initial investment of all people concerned because such a course re-
quires more time. Our experience shows however that the return on this investment is almost immediate.
The quality of the software that is produced by programmers that are well versed in the underlying con-
cepts is much higher than that of software that is produced by programmers that merely replicate pro-
gramming techniques. This results almost immediately after the training in more stable software, which
needs to be revised less often, is easier to revise when it is needed, and in a shorter time-to-market. Peo-
ple trained this way also become less dependent of a specific programming language or environment. A
person trained in object-oriented programming should be able to switch from Java to C++, e.g., quite
easily. This is much more difficult for people only trained in programming techniques and idioms, be-
cause these are by nature extremely dependent on the language. The investment the training represents is
consequently more save and can return longer. It is clear by now that this deep knowledge of object ob-
ject-orientation will not become irrelevant soon. All new evolutions in programming, such as component-
based programming and aspect-oriented programming, have their basis in object-oriented programming.

Java is most interesting because the language is particularly clean, it comes with the standard Java
class library and code written in Java has a high degree of portability. Older languages such as C++, and
to a lesser extend, Eiffel, do not bring these advantages. With current prices of processors and RAM, their
somewhat faster execution does not outweigh these advantages.

Didactic Form

University

Originally, the course was taught in the university ex cathedra using transparencies. An early version of
the book was available for the students. Every teaching session was followed by an exercise session un-
der the guidance of teaching assistants. Each part was concluded with a larger project. The exam was
traditional, i.e., a 4-hour session with a number of small questions and programming problems, evaluated
in written form. 3 years ago we switched to a didactic form based on self-study, and a project based ap-
proach. Students are required to study the course text in advance. Contact sessions with smaller groups
(in practice less than 30 students) are held for each chapter. Here the subject matter of the course is spit-
ted out interactively, based on some examples. There are no more exercise sessions, but there are a num-
ber of self-test-exercises available on-line. At the end of each part there is a larger project, which students
have 2 to 3 weeks to finish. There is a personal feedback session about the student’s solution to the pro-
ject. The exam now is another larger project, which is evaluated orally.

This change proved a great success. We have far less failures, and we feel that the students have a
deeper understanding than they had before. The projects give the students the opportunity and incentive
to discuss the subject matter amongst each other, and we believe that this the main reason for the higher
success rate. The contact sessions make it possible for us to highlight what are the more and what are the
less important issues in the course. They are intended in the first place to give students the opportunity to
ask questions about the chapter they studied in advance, but frankly, this does not happen often. Whether
or not the contact session has success depends on the level of interaction we can entice, and that depends
heavily on group dynamics. We observe that after the first lessons, students forget to prepare for the ses-
sion more and more often, but that the level of interaction rises.



Industry

When the course is taught in an industrial context, most often there is no time to take this approach. The
course is taught ex cathedra using transparencies, for 10 to 20 participants. Typically, we agree to do the
course in five 6-hour days. We have done the course several times on consecutive days in one week, and
spread out over a period of 3 to 10 weeks. 2 to 3 hours each are spent on a larger exercise, concluding the
first part, and at the end of the 4™ day. There is no time in the 30 hours contracted for more exercises, and
we never succeeded to convince contractors of the need for more time. Typically, we agree that smaller
exercises are given as homework, which is discussed the next morning. Typically, participants do not do
their homework.

These courses have been very successful, in every respect. We have taught the course for new, young
employees, and for seasoned employees.

The most positive feedback we get from people with a lot of programming experience. While they are
skeptic initially about the contract paradigm and the stress we put on specifications, especially using a
formal syntax, they become very fascinated by the results it gives by the third day, and are raving by the
end of the course. Every time they tell us that they are going to use this approach, because that’s exactly
what was missing in the project they are working on currently. Sadly, we don’t know whether this actu-
ally happens or not. We think the training would benefit highly from an extra half day after 2 or 3
months, where trainees can ask questions and talk about the course once the dust has settled. Although
the contractors usually agree to such a contact, it never actually happened due to particular circumstances.
Young employees typically tend to be cockier and less receptive to our message. Still, the course is
evaluated highly by the participants and the contractors. The best results we got with heterogeneous
groups. Young participants are more timid when older colleagues are around, and are surprised seeing
them interested. As a result they are more open to the subject matter. More experienced participants get
an incentive to really think through what we bring them when they try to rephrase the subject matter to
younger colleagues in response to questions, or when applying them to actual problems and projects of
the company they work for. With heterogeneous groups, the dynamic is at its peak.

Most examples in the course are chosen so that the complexity is not in the example domain. Most ex-
ample classes describe objects from the banking sector, like checking accounts, credit cards and savings
accounts, in a simplified fashion. Because most readers will undoubtedly be acquainted with such objects,
they can concentrate fully on the way in which the properties and the behavior is described. To our sur-
prise, this causes problem with a company we did the course for a number of times. The company works
primarily in the banking sector itself, and especially the seasoned employees had trouble dealing with the
simplified examples we used. It was very difficult for them to pass over the “mistakes” that they found in
the examples.

Future Evolution

Possible Changes in the Content

The authors have different opinions whether and how the structure of the course should evolve in the
future. In the current structure, inheritance is only introduced in the last part, which is rather late in the
course. In the 5-day industry version, inheritance is discussed on the 4™ and 5" day. Both authors do
agree that the contract paradigm needs to be introduced as soon as possible, so the earliest we can talk
about inheritance is after the introduction of the contract paradigm. This means that the discussion of total
methods and robustness and defensive programming, in short, exceptions, needs to move further down in
the course. On the other hand we want to avoid that robustness or memory management, or bi-directional
associations for that matter, appear afterthoughts.

The chapters on interfaces and nested classes actually are glued on as an afterthought at this time. Re-
cently we changed the chapter on interfaces, and the chapter on nested classes is entirely new. The event
pattern (a.k.a., Observer/Observable [Gamma, Helm, et al. 1994], or Model/View/Controller) is used as
the narrative in these new chapters. These chapters are used 3 times now, and where not entirely satis-
factory. The position of the chapter on interfaces, as an extension of inheritance, seems logical. Inner
classes may be better discussed as a form of associations, although the technique makes little sense with-
out inheritance. Interfaces and nested classes are not discussed in the first edition of the book.



Possible Changes in the Academic Program

A change has happened since the traditional pedagogy for programming has become general. Currently,
complex algorithms and data structures to gain speed and memory efficiency, are less important than
reusable, understandable code which is stable under change. The cost of a software developer is much
higher than the cost of a faster or extra processor, or extra RAM. There are circumstances where speed
and memory efficiency still are important, e.g., in embedded systems, or with complex, possible NP,
problems, but this is no longer the mainstream of IT. To us it seems that the fourth part of the course,
which is closest to the original Algorithms and Data Structures course, should be split of and offered in
the last year of the university program as an optional specialization. The general program should make
students aware of issues of performance and memory use, but they should not all be versed in it. They
should know when to call the experts. The extra time we get in this course would be used gratefully.

On the other side of the spectrum, it might be possible to use the course as the first programming
course. More time is needed to bring the same subject matter to freshmen, and an extensive introduction
would be needed, but still we wonder whether the more intuitive first programming course is not a waste
of time.

Such changes in the academic program are a responsibility of the faculty of course, and we do not
foresee them in the near future.
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