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ABSTRACT
There is a debate on when and how to teach parallel pro-
gramming in the undergraduate curriculum. We try to struc-
ture the debate along a number of dimensions and then
present the solution that we adopted for an engineering-
oriented curriculum. We added an introduction to parallel
programming to the list of mandatory classes in the 2nd
semester. The class exposes students to three styles of par-
allel programming: threads with shared memory, CSP-style
message passing, and OpenMP-based parallel programming.
Within these models, the class aims to focus the student’s
attention on communication as the key issue in parallel pro-
grams. Explicit communication (or their absence) causes
correctness problems, implicit communication (e.g., when
accessing shared data in different threads) forces the stu-
dent to understand when updates are globally visible. An
introductory class early in the undergraduate curriculum has
a number of benefits and disadvantages, which are discussed
in this paper. A preliminary evaluation after two editions of
this course indicates that the design goals are met but also
points to several issues that other institutions may want to
consider.

Categories and Subject Descriptors: K.3.2 [Computer

and Information Science Education] Computer Science Ed-

ucation; D.1.3 [Concurrent Programming] Parallel program-

ming

General Terms: Design, Experience

Keywords: CS education, parallel programming, software en-

gineering

1. INTRODUCTION
Many papers, panels, and keynote presentations have re-

peated that current and future computing systems are par-
allel computers. Computer science students must learn not
only how to construct a sequential program but must also
learn how to master parallel programming. As a result many
institutions have included mandatory or elective courses on
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parallel (or concurrent) programming[16, 3, 19] in the un-
dergraduate curriculum or have made special efforts to in-
troduce parallelism concepts into the existing courses[7, 4].

But whereas many educators and practitioners agree that
parallel programming is important and should be included,
there is a lot less agreement on the topics that should be
thought, if the material should be part of a separate course
(or courses), and when to position the course(s) on this
topic in the curriculum. The questions that were posed at
the (first) panel on Parallel Computing Education at Su-
percomputing’91 still have not found a universally accepted
answer[17]. This paper does not provide a definite answer
either (nor is it likely that there will be a definite answer
anytime soon, if ever) but attempts to add to the discussion
by presenting another approach that has been implemented
in an engineering-oriented computer science curriculum. We
start with the rationale and discuss the concerns.

1.1 Options
When debating what parallel programming topics to teach

and when to teach them within the context of an undergrad-
uate curriculum there are a number of questions to address.
What do we expect the student to gain from attending a
class? Of course none of these questions have only two an-
swers that one must choose from - often the realities of an
institution’s curriculum require a compromise.

1. What is the target audience? Who are the customers
of the course? All Computer Science majors? Bach-
elor or Masters students? Future application experts,
e.g., in a program on Computational Engineering and
Science? How close to graduation are the students?

2. What is the target platform? Is there a specific parallel
system (either because your institution provides access
to this system or you anticipate that this kind of plat-
form will be most important for your students)? Are
there specific tools or programming languages that are
important for other classes?

3. What should be the course content and scope? How
many hours of lecture and lab can be tolerated (or are
expected) by your audience? How can you balance cov-
erage of principles and an exposition to current tools
or current practice?

I try to address some of these questions below. The an-
swer to the last question (what is the scope in credits or
hours) is specific to any institution. To provide some frame



of reference I assume that – regardless of level and target au-
dience – such a course on parallel programming should take
up approximately 1/5 of the students time. Approximately
means that in some institutions it may be a 1/4; i.e. the
course could be one of four or five courses taken by a student
in a semester. Within the context of the European Credit
Transfer System (ECTS), such a course yields about 6 - 8
credits. (The ECTS system defines a full load for a semester
to be 30 credits.) In practice, such a course would include
about 180 min of lectures per week in a semester of about
14 weeks, with ample opportunities (and requirements) to
participate in labs, work out homework assignments, and
time for practical programming. No doubt, is is possible to
design a good class on parallel programming with more or
fewer credits (and, therefore, higher or lower expectations
on the time a student can spend on this topic).

1.2 Target audience
If the participants are Computer Science students, the

emphasis should be on principles, with more emphasis on
principles the earlier the class is placed in the curriculum.
There exist today many Computer Science programs that
differ significantly in the kind (and depth) of topics that are
included in the curriculum. It would be surprising if these
different programs all agreed on the contents of a class on
parallel programming. Programs with an emphasis on com-
puter systems or software engineering may include a class
that is different from a class that serves programs with em-
phasis on visual computing and graphics or human-computer
interaction. If the class audience consists of students that
will use parallel systems as a platform for application devel-
opment then the principles and abstractions that are covered
in a class on parallel programming must be reinforced by ap-
propriate application-oriented techniques and tools[14].

1.3 Target platform
The proliferation of multicore (and soon manycore) pro-

cessor components provides ample motivation to pursue par-
allel programming as such components are used in many
systems. On one hand this situation presents a unique op-
portunity: if students own a laptop (many or all of them
do at many institutions) then they own and operate a par-
allel computer. These computers are small-scale symmetric
shared-memory multiprocessor (there are 2 to 4 cores to ex-
ecute independent instruction streams, each core has access
to all memory cells, and the access time is roughly the same
for all cores and all memory cells). The abundance of paral-
lel computers at the students’ disposal is great as it allows
students to experience first-hand the problems of parallel
computing. Even a simple parallel program that is incor-
rect has a good chance to expose the bug on the student’s
system and therefore motivates students to learn about par-
allel programming. So a course with this situation in mind
might emphasize a simple view of parallel systems (differ-
ent execution units with a shared, easily accessible memory
system).

But there are two problems with this story: once the num-
ber of cores increases, the computer system architecture may
provide the programming abstraction of a shared memory
but the actual computer system implementation presents
non-uniform access times. I.e. the computer system is a
NUMA (Non-Uniform Memory Architecture) system, and
programmers ignore the distance between execution units

and the storage system at their peril. Even today’s 8-core
systems are no longer symmetric with regard to memory
access time or memory bandwidth, and larger systems will
likely be even more asymmetric. The other issue is related
to the other end of the spectrum: if you consider large-scale
parallel systems, with tens of thousands of cores (or more),
then the programming model used on these platforms is mes-
sage passing: MPI [10] is the de-facto standard of program-
ming high-end parallel systems.

Graphics processors (and their friends like Cell-based sys-
tems) provide another option, and a number of groups have
used CUDA [6] as a platform for parallel computing[16].
These systems also provide easy access to a large(r) number
of cores with impressive peak performance. Unfortunately
the programming support for these system is low-level with
limited portability, even from one generation of graphics pro-
cessors to the next.

1.4 Course content
When designing a class, it is never easy to find a balance

between theory and practice, regardless of subject area. To
complicate the discussion in the context of parallel program-
ming, there are multiple dimensions of theory (parallel al-
gorithms, formal models of parallel computing, ...) and a
wide range of practical issues (computer architecture, pro-
gramming languages, libraries, performance monitors, tun-
ing tools, ...) that an instructor can choose to include or
ignore.

The wide range of programming languages, libraries, and
tools complicates the situation tremendously, and in many
cases, there is a steep learning curve. To complicate matters
further, some popular tools (e.g., CUDA, OpenMP [5], MPI)
are only loosely connected to a theoretical foundation, and
new tools and languages are introduced frequently. Students
must gain experience in parallel programming, but it is not
wise to devote a significant part of a semester to learn a
tool or programming language that is never used again. On
the other hand, any practical (lab-oriented) component of
a class on parallel programming is bound to use some tool,
with its associated overhead.

2. BREADTH-FIRST AT A BASIC LEVEL
ETH decided to include a mandatory class on parallel

programming early in the curriculum. Students starting
in the fall of 2008 or later must take the “Introduction to
Parallel Programming” in their 2nd semester. There exist
several other classes for more advanced students (seniors,
or seniors/masters). Some of these courses concentrate on
specific platforms (e.g., MPI for computational scientists,
MapReduce for information systems students), others cover
parallel algorithms or multiprocessor programming based on
the later chapters on the book by Herlihy and Shavit[11]. By
offering a mandatory course early in the curriculum, the de-
partment wanted to ensure that all students are exposed to
the problems of parallel processing1.

The overall goal of the class is to teach the students how
to write correct parallel programs To structure the class and

1The depressing story of the Therac-25 incidents[15], and
the slow progress in eliminating similar problems in software
development, should serve as a warning: a computer science
graduate should at least identify potential data races and
call in an expert if he or she is not skilled in programming
a parallel system.



to expose the student to the wide range of options in parallel
programming we use three widely-used programming models
as guiding principle. We look at multithreading with shared
memory as an example of programming with explicit and
implicit communication steps. A program may use synchro-
nization to force an ordering (or to avoid a data race) or may
cause implicit communication as a consequence of accessing
an object shared between multiple threads. We explore mes-
sage passing as an extreme approach to allow only explicit
communication and allow the students to experience the
benefits and pain of this programming model. Finally, we
use OpenMP as an approach that combines user hints with
runtime scheduling. Students experience how some compu-
tations can be parallelized with a few hints, how difficult it
is in other cases to determine if such hints are legal, and how
much time can be spent on uncovering the consequences of
a faulty hint. The focus on programming models also ap-
pears to be a reasonable preparation for a later discussion
of parallel patterns[13].

Students should understand the important role of com-
munication (implicit communication through assignments to
shared data, explicit communication by sending or receiv-
ing messages). To appreciate the difficulties associated with
the use of shared data, the students must delve into vari-
able assignments so that a discussion of update visibility is
possible. To understand the dangers of circular waiting in
message passing, the students must understand that data
transfers incur time. The desire to teach these issues led to
the “in depth” exposure of the various programming styles.

But there was also another goal for an early class on par-
allel programming: the curriculum provides the students
with many options and as a consequence, there are not
many unifying themes that students can use to organize
the vast amount of material that a student is expected to
master. Parallelism will be a critical issue for many future
software development efforts. And, as has been noted by
others, various aspects of parallelism are often introduced
in other courses. A class on operating systems may cover
semaphores and threads, a class on databases may cover
similar concepts, and classes on networks or computer archi-
tecture may also devote a significant part of their lectures
to discuss threading and its variants. So by moving the ba-
sic concepts to a single class, we allow on one hand other
courses to focus on more advanced topics and at the same
time allow the student to realize that the concepts (or at
least some of them) are useful in many contexts.

We therefore designed a class that provides breadth (a
decision made by others in a similar situation as well[16]) but
we chose a different level. Rather than exploring different
programming languages, we want students to understand
the core issues of parallel programming. So the class aims to
provide breadth at a rather deep level. It is important that
students understand that communication is a key problem
and there exist several options to express communication (or
to trigger communication).

2.1 Platform issues
To keep the faculty and the students sane, we try to min-

imize the overhead that is associated with introducing new
languages - ideally, students can explore these topics within
the context of a single programming language. As a tar-
get system, we use the student’s laptop, although we pro-
vide also laboratories for those students that do not own or

carry a laptop. These laboratories contain dual-core systems
(dual-boot Windows and Linux) as well as a smaller number
of 4-core and 8-core systems (Linux).

2.2 Non-topics
The flip side of using the student’s computers is that it is

difficult (often impossible) to see any performance improve-
ment due to multiprocessing. With only two cores available,
it is often the case that a parallel program is slower than
the sequential one. While this is a worthwhile learning ex-
perience, this situation does not make it easy to motivate
students to embrace parallel systems. We address this sit-
uation in three different ways: we make available – later in
the course – larger systems with multiple cores. We look
for application programs that show some speedup (the poor
performance is often not due to parallelism overhead but due
to memory system effects; if multiple tasks or threads create
cache conflicts, the benefits of parallelism are overshadowed
by slowdowns due to memory traffic). Finally, we sidestep
performance optimization and delay the in-depth discussion
of optimizations and tuning to later semesters.

Performance optimization is clearly important for paral-
lel programming, and it has been argued that this topic
should be in an integral part of any class on parallel pro-
gramming[8]. Clearly the motivation for parallel computing
is to obtain a faster solution than can be provided by a se-
quential system (or to obtain a better solution than could be
obtained on a sequential system). But covering performance
optimization requires that students know a fair bit about
computer architecture and possibly about compilers, as the
details of the memory organization and the optimizations
chosen by the compiler have a great influence on application
performance.

In light of the early nature of this class, we do not cover all
aspects of the memory model for multithreaded systems[1].
Our goal is to teach the students to write correct programs,
not programs that can be optimized well or that use perfor-
mance-oriented functions or methods. E.g., in the context
of Java, we rely only on the simple methods for classes in a
package like java.util.concurrent.atomic and hide the “weak”
methods from the students. Since we do not cover perfor-
mance optimization this simplification appears to cause no
problem.

3. COURSE STRUCTURE AND CONTENTS
We use Java for all programs in this class, to meet our

goal to use a single programming language for the course.
While the use of Java for threads may not require further
discussion, the use of Java for message passing and OpenMP
deserves a few comments. JCSP is a Java implementation
of CSP (and more) that has also been used by other courses
(e.g.,[12]). Our experience is mixed: although the imple-
mentation is fine, JCSP provides more than we need in this
course. JOMP is a preprocessor-based OpenMP variant for
Java. The current release does not support OpenMP 3.0 and
includes no support for nested parallelism. As the develop-
ment of JOMP seems to have stopped we are implementing a
performance-competitive version. Neither JCSP nor JOMP
are performance-sensitive implementations,but this is not a
problem for our course (that pushes performance optimiza-
tion into later courses).

We considered C++ or C# as alternative languages. But
only Java allowed us to consider all three programming mod-



els in the context of a single programming language (we did
not want to ask students to deal with the details of more
than one new language in this course). Almost 3 years have
passed since the original design of this course was done, and
there has been considerable development regarding C++
and C#. Now that we have gained experience with Java, a
future edition of this course may be based on C# or C++.

3.1 Topics
The class format is two lectures of 90 min each for 14

weeks. Table 1 lists the topics for each week. To increase
cohesion, we use a few simple application kernels as running
examples – these are revisited for each programming model
– and include a simple simulation example (Game-of-Life)
to show how parallelism is used in a larger context.

The two application kernels are mergesort and (dense)
matrix multiplication. Both kernels are simple and easy to
understand yet at the same time allow a discussion of vari-
ous tradeoffs. In the assignments we do not ask the students
to optimize their programs, so useful constructs like thread
pools are not given much time. Some students pursue these
directions anyhow, and we then discuss these approaches in
the recitation groups led by the teaching assistants. How-
ever, as this material is not part of the syllabus, only a subset
of the students may hear about these topics.

The hardest part in discussing threads and programming
with a shared-memory data space is dealing with the visibil-
ity of updates. Since we do not want to discuss the complete
memory model we focus on the use of “synchronized” meth-
ods. These methods establish global visibility of previous
updates and allow the students to concentrate on the cor-
rectness of their programs.

The Game-of-Life example illustrates that in many pro-
grams the “parallel part” may only be a small part of the
complete program. (Depending on the metric and the im-
plementation, about 10% of the program is devoted to deal-
ing with parallelism.) Some students complained about this
fact and felt that material “unrelated” to parallel program-
ming should not be covered or included in a class on par-
allel programming2. However, the majority of the students
liked the (trivial) example. The implementations of merge-
sort and dense matrix multiplication produce unimpressive
output, so a problem that shows even simple output is ap-
preciated (other institutions have successfully based their
courses on parallel programming on graphics and anima-
tions[3]). The Game-of-Life assignment provides a bridge to
the event driven programming practiced in many user in-
terfaces and graphics projects and is included also for this
reason.

4. DISCUSSION

4.1 Evaluation
We solicited feedback from the students of two years (2009,

2010). The survey was done anonymously. The students of
the first edition (2009) were contacted two semesters after
taking the course (to find out if any of the topics had indeed

2Anecdotal evidence suggests that the main reason for this
complaint is that these students felt that they had to spend
significant time on issues that (most likely) would not be
part of the all-important first-year exam, which decides on
their future as Computer Science students.

been revisited by other classes, as was hoped for by the cur-
riculum design committee), students of the second edition
(2010) were contacted about 3 months after the course had
ended. About 45% of the 2009 students responded; for the
2010 students, the nominal return rate was higher (70%).

A response rate of 45% might appear low but ETH em-
ploys a model for student selection that is different from the
model used by North American institutions. Enrollment in
the 1st year is open to all students with an appropriate high
school diploma; an exam at the end of the first year serves as
a “delayed entrance exam” to decide who is allowed to con-
tinue. In Computer Science (at ETH), approximate half of
the first year students do not pass this exam. So a response
of 45% after one year means that we obtained a response
from about 70% of those students that are still at ETH one
year after the class (either because they passed the first-year
exam or because they still have a chance to pass this exam).
As the 2010 survey was taken prior to the first-year exam it
is impossible to know the success of the respondents on the
first-year exam.

Overall, the success rate for this course is about the same
as the success rates for the other exams that make up the
first-year exam.

4.2 Recurring themes
56% of the students of the first edition of this course re-

ported that at least one of the topics from the introduction
to parallel programming had reappeared in a later class.
(31% were not sure, only 10% stated that no topic had reap-
peared). The topics that were listed as recurring are

• Locking (event queues, read-write locks, fairness)

• Semaphores

• Threads, shared memory programming, synchroniza-
tion

• OpenMP

These topics resurfaced in several subsequent classes: op-
erating systems, networks, system programming, computer
systems lab, databases, advanced classes on parallel pro-
gramming, software architecture, networks. Given that there
were only two semesters that followed the 2009 edition of the
class, we are happy with this result; as the students complete
their B.S. program, we expect to add additional courses and
topics to these lists.

4.3 Evolution
When asked what topics should be emphasized or de-

emphasized in future editions, the responses (absolute num-
bers) were as follows. Of the 2010 population, 9 students
make suggestions for additions, 20 students make sugges-
tions to drop/de-emphasize material. The corresponding
numbers for 2009 are 7 and 10. A number of topics find
supporters and detractors.

The topic with the greatest number of requests to drop or
de-emphasize are Java-specific issues. More than half of the
2010 students who responded to this question suggested that
Java-related issues be dropped (to put this in perspective,
less than 20% of the 2009 students made this suggestion).
Of course, it is important to recall that in both populations,
less than 25% of the students responded to this question.



Week Lecture Lab/assignment

1 Intro, parallel Algorithms Warm-up
2 Java issues Java practice
3 Locks Bounded buffers for multiple threads
4 Condition queues Mergesort
5 Visibility Dense matrix multiplication
6 Safety and liveness
7 Semaphores Read-Write locks
8 Message passing Dining philosophers
9 CSP Mergesort
10 Programming with channels Game-of-Life
11 Problem decomposition for parallel computing
12 OpenMP Proving program properties
13 OpenMP Dense matrix multiplication
14 Models Proving program properties

Table 1: Summary of course schedule.

Topic Decrease Increase
Coverage Coverage

Message passing 2 0
OpenMP 4 3
Locks 5 2
Java/graphics 12 1
Java.util.concurrent 4
Reasoning about programs 5 1
Other 3

Table 2: Requests to change course content.

The use of Java deserves a bit of further discussion. In
2010, 36% of the student self-assessed their knowledge of
Java to be “good enough to write a Java program of the
scope/complexity of Game-of-Life” or better at the start of
the semester. In 2009, the corresponding percentage is 31%.
This assessment is a little surprising as the 1st semester
uses a different programming language (Eiffel, an object-
oriented programming language with static typing). In both
years, about a quarter (2009: 27%, 2010: 23%) have no
prior knowledge of Java, and for this reason, we include at
the start of the semester extra lectures and labs to ease the
path of these students. Not surprisingly, the reduction of
the treatment of “Java issues” is requested by the segment
of the student population that has already prior Java expe-
rience. Our response is that in future editions of this class
we will form recitation groups based on the students’ prior
knowledge of the implementation language and add more
lectures outside of the course to assist those without prior
Java knowledge.

Table 2 summarizes the results. Several students re-
quested other languages, with C++ and Erlang receiving
the most support.

4.4 Other issues
The course provides breadth but does not produce stu-

dents that can immediately solve large-scale real-world par-
allel programming problems. The omission of performance
optimization is one serious shortcoming.

The focus on low-level aspects has also the positive side-
effect of improving the student’s programming skills. After
a first semester that emphasized an object-oriented intro-

duction to programming, later classes (e.g., on operating
systems, compilers, computational science) desired that stu-
dents have a better understanding of program construction.
So the introduction to parallel programming in the same
semester as the class on “Data Structures and Algorithms”
(the local instantiation of CS-2) serves as another vehicle to
teach students the constructive aspects of programming. By
exploring parallel implementations of mergesort after sorting
has been covered earlier in the semester in CS-2, this topic
is reinforced and the students investigate another aspect of
sorting.

It is too early to evaluate the impact of this class on other
classes in later stages of the curriculum. Several classes (on
networking and on object-oriented programming concepts)
removed material covered in this class. One instructor noted
that his course is built on the assumption that students are
familiar with parallelism (resp. concurrency) and anecdotal
evidence suggest that this assumption is met. The use of
Java has been received warmly; one instructor noted that in
the networking class, there is a significant difference between
“before” (the addition of this course to the curriculum) and
now. For others (e.g., software engineering project) no dif-
ference was noted or there is no issue (as those classes use
C or C++).

The absence of a single textbook that addresses this level
of parallel programming is an issue. We recommend (and
draw material from) the books by Herlihy and Shavit[11],
Goetz et. al.[9], and Ben-Ari[2]. The later chapters of the
first two books provide material for later classes as well.
Nevertheless, the students seem reluctant to use books as
studying tools. Only about 20% of the students admit in
the evaluation that they use a book (the above three books
receive the largest numbers of mentions). Anecdotal evi-
dence from discussions with other instructors, at ETH and
elsewhere, suggests that other classes have the same experi-
ence. Even if a course is based on a well-designed textbook
(by authors who were recognized for their contribution to
Computer Science teaching), the percentage of students that
actually reads the book is also about 20%.

15 years ago, teaching a class on parallel programming re-
quired a substantial investment in computing infrastructure
(see, e.g., Schaller at al. for a discussion[18]). The situation
has changed a lot – students now own parallel computers.
But whereas Schaller et al. anticipated that separate courses



on parallel programming would disappear (because the sub-
ject will be included in many places in the curriculum), there
has been such a growth in concepts and techniques that we
think it may be a while before these authors’ prediction is
realized.

5. CONCLUSIONS
Teaching parallel computing to undergraduates in their

first year is a challenge. But the benefits outweigh the dis-
advantages. By exposing all students to the problems early
on we capture the student’s attention while they are still
entering the field. A benefit is that students know about
parallelism as an option and when future classes come along,
they are aware of parallelism.

By discussing different parallel programming models we
prepare the student for later. The student has a higher-level
view than can be obtained if a class covers immediately spe-
cific programming tools. When the student encounters MPI
later on, MPI is seen as a specific implementation of a gen-
eral programming style. (And as students have understood
the advantages and disadvantages of message passing, they
can appreciate the many special functions included in MPI
to allow a programmer to optimize performance.)

One effect of placing the course early is that we excite
students. There is a small gap between the course content
and leading edge developments, and students recognize that
the topics that are covered in this course are hot. No other
discipline can provide 1st-year students a similar opportu-
nity. Students in physics or civil engineering must master
a much larger body of prerequisites before they can be ex-
posed to the leading edge. The Computer Science students
that participate in such a class have a front-row view of an
exciting evolving part of the field.
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