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ABSTRACT

Current literature states that the undergraduate curriculum
can no longer afford the luxury of a traditional compiler
construction course. Nevertheless, there is an increasing
need for an understanding of how to design and implement
domain-specific languages. This paper presents a modern
course in compiler construction, designed to provide a stu-
dent with the capability of quickly constructing robust pro-
cessors for a variety of language-related applications.
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K.3.2 [Computers and Education]: Computers and In-
formation Science Education—computer science education

General Terms
Design
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1. INTRODUCTION

The disparity between processor and memory speeds on
current and future hardware platforms means that numerical
algorithms must be designed to minimize memory traffic.
A designer must predict the memory usage pattern, and
then attempt to improve its properties by changes in the
algorithm. Several days are required to do such a prediction
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by hand, limiting the amount of the design space that can
be explored.

In the course of his research into the effects of memory
usage patterns on performance [16], John Dennis built a
source-to-source translator that accepted a MATLAB proto-
type of an algorithm and produced a version with additional
code to predict that algorithm’s memory usage. In this way,
he was able to make accurate predictions in 20 minutes. The
key point is that the source-to-source translator was a tool
rather than the main object of his research.

This example is typical of a wide variety of situations in
which a person needs to perform some kind of analysis or
translation as an adjunct to their main project [32]. Very
few (if any) of our students will write conventional compil-
ers, but most will need to develop compiler-like processors
to solve such ancillary problems. We believe that a mod-
ern compiler construction course should prepare students
for these tasks [28].

In order to provide that preparation, the course must
build an understanding of general principles and how those
principles apply in a variety of scenarios [19]. Section 2
describes our goals in more detail, and explains how we se-
lected the material to reach those goals.

Students come to a course with certain expectations and
biases [30]. Section 3 explains the structure we used to con-
vey the course material, and how it was based on these fac-
tors.

The philosophy and implementation described in this pa-
per represents a significant modification of our previous com-
piler construction course, and was piloted in the fall semester
of 2005 [2]. Section 4 presents our experience with that pi-
lot.

2. COURSE MATERIAL

A consensus on the general principles of compiler design
has developed over the last 45 years, and these principles
are applicable to a wide variety of translation problems.
They provide designers with a vocabulary to describe the
essential aspects of a problem, and to concentrate on the
decisions that are not purely mechanical. The principles are

ACM’s Curriculum 2001 [20] defines the course CS240s,
Programming Language Translation, as follows:

Introduces the theory and practice of program-



ming language translation. Topics include com-
piler design, lexical analysis, parsing, symbol ta-
bles, declaration and storage management, code
generation, and optimization techniques.

Lexical analysis, parsing, and symbol tables are imple-
mentation techniques that support general design princi-
ples. We believe that a modern compiler construction course
should be at a more abstract level. Our goal was that stu-
dents completing our course would be able to develop lan-
guages for specific problem domains, including design of ap-
propriate syntax and relevant semantics. They would under-
stand the decomposition of a language-processing problem
into components whose characteristics could be described
formally, be familiar with the corresponding notations, and
be able to use tools to create robust processors for solving
such problems.

Declaration and storage management, code generation,
and optimization techniques imply a compiler whose target
is a specific computer and must therefore assume a model of
computation for that computer. That model embodies the
instruction set, the procedure calling convention, the strat-
egy for up-level addressing, and possibly garbage collection
and exception handling. As we shall see in Section 4, a
good understanding of computer architecture and assembly
language is needed to grasp such a model.

Because that understanding is superfluous for the kinds of
tasks described in Section 1, we chose to omit the treatment
of specific models of computation and concentrate on the
following design principles:

e Phrase and tree structure (concrete and abstract syn-
tax)

e Computations over trees (relating structure to mean-
ing)

— Name analysis (scopes, defining and applied oc-
currences)

— Type analysis (types, type equivalence, expres-
sion contexts)

e Output structure (context-free and context-sensitive
patterns)

These principles abstract from the implementation techniques
enumerated in the definition of CS240s. By casting the ma-
terial in these terms, we move the students away from the
familiar task of coding in some language and force them to
think at a higher level.

The Eli compiler toolkit [3] can construct an economically
viable translator from specifications of high-level decisions,
thus obviating the need for coding in a programming lan-
guage. The specifications we used to support our design-
oriented approach are:

e Regular expressions and context-free grammars (phrase
and tree structure)

e Attribute grammars (computations over trees)

e Aspect-oriented computational roles (name analysis,
type analysis)

e Text patterns (context-free output structure)

e Tree grammars (context-sensitive output structure)

Our approach was to use these specifications in our explana-
tions of the design principles, and to describe various possi-
ble design decisions by writing the corresponding specifica-
tions. Processors implementing those decisions could then
be generated immediately and their behavior observed.

3. COURSE STRUCTURE

Students in a computer science curriculum belong to an
occupational community [27] that creates and sustains a
work culture involving task rituals, standards for behavior,
and work practices. In order to teach a subject effectively,
we need to understand the culture that characterizes the
students’ occupational community [31]: Classroom strategy,
assignment selection, and assessment must reinforce the pat-
terns that contribute to class goals and weaken those that
do not.

3.1 Classroom strategy

Our class of 21 students met for one hour each Monday,
Wednesday, and Friday morning. The Monday and Friday
meetings were in a normal classroom. Wednesdays we met
in a lab that had 30 workstations; the students also had
unlimited access to this lab outside of class.

We used each Monday classroom session to motivate a
set of related decisions and illustrate various possible ways
to specify these decisions. During the Wednesday lab ses-
sion the students were given a realistic scenario and asked
to write specifications to yield particular outcomes. They
would then use Eli to generate a processor from those spec-
ifications, and verify its behavior. We reviewed this expe-
rience during the Friday classroom session, discussing com-
mon mistakes and extending the set of decisions and speci-
fications.

Both the Monday and the Friday sessions were conducted
as conversational classrooms [29]: The course outline listed
specific topics to be covered and preparatory reading, but
the responsibility to engage and participate in their own
learning process was placed upon the students by fostering
interaction and discussion rather than providing a lecture.
Similarly, laboratories involved a rich interaction among stu-
dents, professor, and teaching assistant.

Our use of two different kinds of rooms was important
because it kept the two distinct kinds of activities we used
separate in the students’ minds. It also meant that the Mon-
day and Friday discussion sessions had the students’ com-
plete attention, without the distractions of e-mail and web
surfing, and that each room was configured appropriately
for the activity being conducted.

Computer science students tend to boldly display their
own opinions, and disqualify the opinions of peers [23]. This
communication pattern leads to an environment character-
ized by competitiveness rather than cooperation, and con-
descension rather than understanding. It involves particular
and recognizable types of discourse which, when prevalent
in a classroom, can preclude the development of a collabo-
rative and supportive learning environment [11]. We made
every effort to avoid these types of discourse, encouraging
open discussion and discouraging negative remarks.

3.2 Assignment selection

Assignments determine the whole tenor of a course. Not
only do they exercise the students on the course material,
they reinforce more general goals and help students to avoid



common pitfalls. Assignment selection is therefore a vital
component of the course design.

In this course, we wanted assignments to encourage col-
laboration. We wanted them to help the students to balance
their workload over time, and to engender a more structured
work process. Finally, we wanted them to be fun — to make
the students passionate about the material.

3.2.1 Encouraging collaboration

Research has shown that students have an overwhelming
preference for working alone [23]. The basic reason is that
they regard assignments as products, for which they are paid
with a grade [13].

We tried to counter this attitude by reducing the weight
placed on assignments, and encouraged (but did not require)
students to work together on all aspects of the course. By
using the conversational classroom strategy for the Monday
and Friday sessions, we validated collaboration as an impor-
tant technique for improving understanding. In the lab, we
tried to foster community by encouraging the students to
help one another with problems. We pointed out that col-
laborative efforts arrive at better outcomes more rapidly [8],
and spent an entire class period going through a structured
group decision process [26].

3.2.2 Balancing workload over time

Procrastination is a common ritual of computer science
students. It is often cast as a calculated risk, a game in
which the student uses their superior skill to complete an
assignment even though they have begun perilously close to
the deadline [23].

To forestall this behavior, we made the first four assign-
ments self-contained, straightforward applications of mate-
rial discussed in class and practiced in the lab. It was there-
fore quite easy to predict the amount of effort required, and
highly unlikely that a student would hit a snag that they
had not seen before. This meant that there was no ego
boost associated with pulling off a coup at the last minute.

The remaining assignment, which extended over half of
the semester, was a project of the students’ own choosing.
The only constraints on this project were that it be a transla-
tor of some kind that required name analysis and had struc-
tured output. Projects ranged from conventional compilers
to an aid for defining characters in Dungeons and Dragons
(a role-playing game [1]).

There were three milestones, due at two-week intervals,
in addition to the final submission: a proposal, an abstract
syntax tree design, and a complete analyzer. These mile-
stones limited procrastination, but more importantly they
allowed for reflection about each step of the process. We
provided detailed feedback, and were able to spot problems
that individual groups were having with concepts and im-
plementation.

3.2.3 Engendering structured processes

Students in programming courses approach assignments
by “diving in” and “tinkering”, rather than attempting first
to understand the problem [23]. This ritual is consistent
with most assignments in such courses: There are many
ways to obtain a particular result, and searching the solution
space involves only things the students already know how to
do. Getting a good understanding of the problem, however,
may require them to learn additional concepts.

Because the students in our course are using specifica-
tion languages to describe their understanding of a prob-
lem, rather than programming languages to describe how it
is solved, there is no solution space to explore. Thus the
student must come to grips with the problem itself in every
assignment.

Most tasks assigned in programming courses can be car-
ried out in complete ignorance of any process. Students
therefore shun process as something laid down by the fac-
ulty rather than engendered by the task at hand. Thus they
fall back on the experimentation ritual, believing that this
flexibility allows them to complete the assignment in the
most efficient way. Effectively, they are operating at the
Initial stage of the Capability Maturity Model [14].

A comprehensive toolkit like Eli embodies significant knowl-
edge of how to construct compilers, and therefore it forces
a process on its users: Component problems must be un-
derstood in a certain order, because the understanding of
one depends on decisions made when understanding others.
Without the results of those decisions, subsequent problems
cannot even be stated completely. Moreover, the vocabu-
lary that must be used in describing the problems to be
solved requires the students to think about those problems
in certain ways. The overall effect, in conjunction with the
assignments and milestones, is to raise the students to the
Managed stage of the Capability Maturity Model.

3.2.4 Having fun

The compiler course has a history of cancellations due
to low enrollment, and one semester all of the students at-
tending withdrew before the drop deadline in October! We
therefore made a significant effort to promote the Fall, 2005
pilot, and to capture and retain student interest by using a
variety of scenarios for assignments and lab exercises. Our
emphasis was on how to apply compiler technology to real-
world problems with which the students could identify.

We also hoped a self-selected project would be more fun
than a project designed by the instructor. This hope was
realized, with students expressing excitement about their
evolving processors and anxious to share their triumphs and
show off their latest versions. Initial registration for the
course was 28; eight dropped and one added to make the
final count 21.

3.3 Assessment

Students were assessed on the basis of their assignments
(30%), a midterm examination (30%), and their project
(40%). The purpose of assessing assignments was to give the
students motivation to carry them out and formal feedback
on their approach to simple problems. They were required
to demonstrate their individual grasp of the basic principles
on the midterm examination.

Project assessment was arranged both to motivate the stu-
dents and to give them an opportunity to reflect on and
improve their performance: Each milestone was submitted
electronically, and due at 9:00 on a Tuesday morning. It
was evaluated by the professor and TA, with feedback given
in the lab session the next day. Students were then allowed
to submit an updated version, addressing any issues raised
by the professor or TA, on Friday. The final version of each
milestone was then graded and posted on the class web site.



4. RESULTS

The 21 students submitted 11 projects [2], only three of
which were solo efforts; no project involved more than three
students. Despite our omission of specific models of com-
putation (Section 2), four of the projects were conventional
compilers. Three of these used SPIM [22] as their target
language and one used SRC [18].

The four conventional compiler projects were the easi-
est to assess: We already had conformance and deviance
tests for the source languages (COOL [9], Tiger [10], SOOL
[12], and Mystery [17]), so validation was simply a matter
of running those tests. Although Eli supports the literate
programming paradigm [21], only one of the groups made
effective use of this facility by incorporating full documenta-
tion into their specification. One other group incorporated
minimal documentation, and two provided separate docu-
mentation. One of those last interspersed their specification
with their documentation by hand — a tedious and error
prone process that would lead to maintenance headaches in
the future.

Two of the four compilers were very successful, one par-
tially successful, and one unsuccessful. Success clearly de-
pended on recent experience with assembly language pro-
gramming and/or computer architecture, which allowed the
group to quickly develop an adequate model of computation
on their target machine. Without that experience, the stu-
dents found it extremely difficult to decide on the code to be
produced. In the future, we would strongly urge a student
not to attempt a conventional compiler unless they had a
good understanding of the relationship between their source
language and assembly code at the start of the project.

All but one of the remaining seven projects turned out
well. Even the relatively unsuccessful group was able to
come close to their stated goals, and we believe that their
main problem was a lack of time on task.

Students greatly appreciated the freedom to choose their
own projects within the guidelines mentioned in Section
3.2.2. It was apparent from discussions with several groups
that this freedom did, indeed, allow them to do something
about which they felt passionate.

Unfortunately, one group exploited the freedom of choice
to turn their project into a normal programming assignment
that did not demonstrate the principles we were attempt-
ing to teach. They proposed a source-to-source translator
that would accept scanner and parser specifications for a
language, along with a small file defining colors for high-
lighting [6] particular constructs of that language. Name
analysis would be required because of relations among the
specifications, and the highlighting definition files required
by Vim [7] and Emacs [4] constituted the structured output.
Thus this project satisfied the constraints stated in Section
3.2.2.

They also proposed writing a second version by hand in
Python [5], and comparing the generation and hand-coding
methodologies in detail. This was a seductive idea, since
there is only one existing comparison of an Eli-generated
program with a hand coded equivalent [25]; because the
students involved were highly competent, we accepted their
proposal with this addition.

Although they reached the second milestone successfully,
it was clear that one team member was strongly resistant
to specifying behavior instead of coding. They were unable
to reach the third milestone (the complete analyzer gener-

ated from specifications), and argued that they would have
nothing to show unless they were allowed to submit only the
Python version.

On reflection, this was as much a failure on our part as
on theirs. We did not sufficiently guard against the expec-
tation that compiler construction would be regarded as a
“programming” course just because it involves software im-
plementation. Students have a number of expectations for a
programming course, among them the idea that if they are
good programmers they can get through the course on that
skill alone. There is little need for them to be concerned
with the specifics of the material, because those specifics
are nothing more than what their programs must do. They
believe that a programmer’s job is to write code to solve
problems that they may not fully understand. We should
have therefore been continually on the lookout for student
strategies by which our goal of understanding might be com-
promised by a student’s goal of merely implementing.

5. CONCLUSION

We believe that compiler construction is an enabling tech-
nology for improving the computer’s ability to function as
an intelligent assistant. There is a growing need for domain-
specific languages to allow users to easily describe processes
in terms of large operations and complex data [15]. Thus
we favor the pedagogic strategy that presents the topic in
terms of support for communicating with a computer [28].

Any course design must select the material to be included
and (perhaps more importantly) the material to be omitted.
Because the general principles involved in understanding a
text in some source language and transforming that text into
an arbitrary form are sufficiently complex that they require
a full semester to master, we agree with the recommendation
[24] to move the discussion of models of computation, code
generation, and optimization to a following course.

The treatment of compiler construction should be kept at
a high level by using formalisms to describe decisions and
tools to implement them. This is not a typical programming
class, and the instructor must be vigilant to prevent students
from treating it as such. The tendency to implement rather
than understand is only one of the aspects of student culture
that a successful course design must deal with.

While assignments and laboratory exercises focus the stu-
dents’ attention on specific, important aspects of the com-
piler construction problem, a project requires them to deal
with all aspects great and small. They are faced with the
consequences of their design choices, good or bad, and must
decide when to go on and when to backtrack. We believe
that this experience is vital.

Allowing the students a free choice of project within con-
straints, rather than having everyone do the same project,
has both advantages and disadvantages. The obvious advan-
tage is that the student is more passionate about a project
that they have selected themselves. Some students may have
difficulty thinking up a project, or may be reluctant to press
for their own ideas. They may also fail to grasp the fact
that something they are interested in can actually be cast
in an acceptable form, as was the case for the Dungeons and
Dragons project.

One obvious disadvantage of free choice is that a student
may manage to manipulate the situation to circumvent the
instructor’s goals for the course. Another is that some stu-
dents will be unwilling or unable to come up with an idea for



a project. Both of these issues require additional effort on
the part of the staff: More intensive monitoring of projects
on the one hand, and time-consuming exploration of possi-
bilities on the other. Nevertheless, our experience leads us
to prefer free choice.

Finally, we suggest that a compiler construction course
that uses the model discussed in this paper be limited to
25 students, and have at least one teaching assistant who
is familiar with the tools and formalisms used. This stu-
dent /staff ratio results in a reasonable response time in the
laboratory, assuming that students collaborate and groups
help each other with problems. It also enables us to carry
out the necessary assessments of project milestones in one
day so that we can give feedback in the laboratory.
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