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ABSTRACT
We decided to support active learning on a beginner’s course on
Reasoning about Imperative Programs because our students find the
material challenging. Because of the large class size and resource
implications, we opted for a simple approach: the modified lecture
format. We devised active learning sheets for use during lectures.
Each sheet consisted of short questions which covered the main
points of the lecture. Students had to answer the questions during
the lectures as they listened. In this paper we describe how we
designed the active learning sheets for this particular course, and
the students’ (positive) response to them.

Categories and Subject Descriptors
K.3.2 [Computers and Education]: Computer and Information
Science Education—Computer Science Education

General Terms
Experimentation

Keywords
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1. INTRODUCTION
Active learning [4, 1] has long been recognised as an effective

way for engaging students in their learning process, and thus help-
ing them learn better [13, 14]. Full-blown active learning is hard
to implement in practice [7]. In computer science education, not
surprisingly, active learning experiments, such as [8, 9, 16], have
tended to involve only in-class activities. These experiments have
shown good results, even though active learning has yet to make
much inroads in computer science education.

In-class active learning methods either replace the lecture com-
pletely with activities, e.g., small-group projects, or adopt a modi-
fied lecture format which mixes mini-lectures with mini breakouts,
e.g., for assessment or paired discussion [1]. Some of these meth-
ods require extra tutors or teaching assistants to be present during
the class. For large lecture classes, the sheer resource implication
makes some of these methods prohibitively costly to implement.
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At Manchester, we run a beginner’s course on Reasoning about
Imperative Programs [6] for a large class of first-year students (c.
100) in the second semester. The course covers (i) the principles
and (ii) practice of reasoning about (simple) imperative programs.
Part (i) consists of an introduction to predicate transformer seman-
tics for imperative languages, with material based on [5]. Part (ii)
introduces a set of tools for reasoning about programs in a simple
imperative language called SPARK [2].

The students find the material challenging, having just completed
a beginner’s course on Java in the first semester. The difficulties
are both conceptual, in understanding the principles, and practi-
cal, in applying the principles to programs in a real language, viz.
SPARK.

To help the students cope with these difficulties, we decided to
support active learning by adopting a simple form of the modified
lecture format. We devised active learning sheets to be used during
lectures. In this paper we describe how we designed the active
learning sheets for the specific course material, and the students’
response to them.

Although the idea behind such in-class worksheets is not new,
we believe our active learning sheets are a useful contribution to
the teaching and learning of the specific topic of reasoning about
imperative programs, especially for large classes of beginners.

2. ACTIVE LEARNING SHEETS
Our active learning sheets were intended for use in a modified

lecture where the lecturer would deliver the lecture in the normal
manner, but the students had to listen and answer questions on pa-
per at the same time. The lecturer would prepare an active learning
sheet of questions and hand it out at the beginning of the lecture.
The students had to complete these work sheets while listening to
the lecture. For formative feedback, the lecturer would go over the
answers at the end of the lecture.

The main constraint is obviously time: everything has to be com-
pleted during the lecture time slot (just under one hour). In par-
ticular, the talk itself must not overrun since it must cover all the
questions on the work sheet and leave enough time for the students
to complete the sheet. Also, this means that each sheet should not
have too many questions, and the questions should not take too long
to read, understand and answer.

On the other hand, the questions on each sheet should cover the
key points of the lecture. They should provide not only a summary
but also simple exercises to enhance and consolidate understanding.

Therefore we set two kinds of questions: ones for establishing
facts and ones for testing and enhancing understanding. Students
have to fill in the boxes provided for the answers. For each sheet,
the total number of answer boxes ranges between 10 and 20. So on
average, the students have to work out an answer every five minutes

198



or so. All the answers can be worked out by inspection, and so do
not require any involved working out.

To illustrate our active learning sheets, we show examples that
represent the three key stages of the course: (i) motivating the use
of program proof rather than program testing; (ii) teaching predi-
cate transformer semantics in general; (iii) teaching how to prove
SPARK programs correct using SPARK’s predicate transformer se-
mantics.

2.1 Motivating Program Proof
The purpose of predicate transformer semantics is to enable for-

mal reasoning about imperative programs. A program P is viewed
as a predicate transformer that transforms the predicate (say Q) that
specifies P’s valid input states into the predicate (say R) that spec-
ifies P’s desired output states. Similarly every command in P can
be viewed as a predicate transformer. Thus given a specification
{Q,R} of P, we can prove P’s correctness by showing that if P’s
execution starts in a state satisfying Q, then it will end (assuming
termination) in a state satisfying R. The proof proceeds step by step,
by reasoning about each of P’s commands (as predicate transform-
ers) in sequence.

The aim of the course is thus to use predicate transformer se-
mantics to formally prove programs correct. So we have to first
motivate the use of program proof, as opposed to program testing,
which is the only form of reasoning the students have come across
so far on their first-semester Java course.

The active learning sheet for motivating program proof is shown
in Figure 1. This is the first sheet the students have ever encoun-

Active Learning Sheet 1: Proving vs Testing

1. Name 2 ways of showing that a program is right: testing

proving

2. Name one advantage and one disadvantage for each method:
Method: testing

– advantage easy

– disadvantage incomplete

(or only shows presence of bugs )

Method: proving

– advantage complete

(or shows absence of bugs )

– disadvantage not so easy

3. Which method will we learn on this course? proving

4. Is it always necessary to have a specification? yes

5. What language will we use for writing specifications?
first-order logic

6. Name 2 properties that specifications must have: precision

completeness

Figure 1: Active learning sheet for proving vs testing.

tered, so it is crucial for this first experience to be as positive as
possible. The questions are all factual and straightforward. In Fig-
ure 1 we have filled in the answers, to show what the answers are.

To motivate proving program, we think it is important from the
outset to establish the ‘proving versus testing’ dichotomy, so that
the students are clear about the context of the course. Question 1
reinforces this.

It is also important to compare and contrast proving with testing,
so that the students get a clear view of the strengths and weaknesses
of both methods. Proving is complete and can therefore show the
absence of bugs, whereas testing is incomplete and can only show
the presence of bugs. On the other hand, proving is harder to do
than testing in general, and so its advantage of completeness comes
at a price. Question 2 makes these points.

It should be made clear that intention of the course is to study
proving (Question 3).

The basic requirements for proving should be explained. The
first requirement is that there should be a specification for the pro-
gram in question (Question 4). Such a specification should be ex-
pressed in a formal language (Question 5 declares first-order logic1

as our choice), so that it can have a precise meaning (Question 6).
It should also be complete (Question 6).

2.2 Predicate Transformer Semantics
Before we teach predicate transformer semantics, the students

get a refresher on predicate logic, by doing laboratory exercises
using the Tarski’s World package [15].

To introduce predicate transformer semantics, the first step is to
identify pre-conditions and post-conditions as predicates about the
input and output states of a program. The active learning sheet for
the first lecture on predicate transformer semantics is shown in Fig-
ure 2. We want the students to feel that the course follows on from

Active Learning Sheet 4: Pre/post-conditions

1. What kind of (object-oriented) programming language is
Java? imperative

2. The initial state of a Java program is set up by read (or

input ) statements.

3. When a command in a Java program is executed, the state
changes.

4. The final state of a Java program can be interrogated by
print (or output ) statements.

5. Valid inputs to a Java program can be specified by a
pre-condition .

6. Desired outputs by a Java program can be specified by a
post-condition .

7. Pre-conditions and post-conditions are predicates (or

assertions ).

8. A program P is correct wrt the specification {Q} P {R} if

the predicate {Q} P {R} is true .

9. In {Q} P {R}:

Q is the pre-condition (or input assertion )

P is the program

R is the post-condition (or output assertion ).

Figure 2: Active learning sheet for pre/post-conditions.

their first-semester Java course, and so we start by talking about
states and pre/post-conditions in terms of Java programs (Ques-
tions 2 to 6).2 A pre-condition specifies the valid inputs (Question

1The students have learnt first-order logic in a first semester course
on discrete mathematics.
2Question 1 may seem curious, but nowadays, possibly due to the
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5), while a post-condition specifies the desired output (Question 6)
of a Java program.

Then we move on to programs in any imperative language, and
make the point that in general, pre/post-conditions are predicates
(Question 7) about the input and output states of an imperative pro-
gram. Therefore, pre/post-conditions can be used as program spec-
ifications. A program P with pre-condition Q and post-condition R
can be specified as {Q} P {R}. The correctness of P is defined with
respect to the specification {Q} P {R}. In logical terms, P is cor-
rect if the predicate {Q} P {R} is true. Questions 7 to 9 reinforce
these points.

All the questions are factual questions, so they are straightfor-
ward to answer. The students are learning new concepts, so we feel
it is right that they are not overburdened at this stage.

The next step is to introduce imperative programs as predicate
transformers. The active learning sheet for the first lecture of this
part is shown in Figure 3. Since the execution of a program P spec-

Active Learning Sheet 5: Predicate Transformers

1. A program P specified by {Q} P {R} is a predicate
transformer because its execution transforms the predi-

cate Q into the predicate R .

2. A command C defined by {Q} C {R} is a

predicate transformer because its execution

transforms the predicate Q into the predicate R .

3. Is {x=5} skip {x=5} true? yes

Is {x=4} skip {x=5} true? no

4. Is {x=5} x:=x+1 {x=6} true? yes

Is {x=5,y=5} x:=x+1 {x=6,y=6} true? no

5. Is {x=5} y:=x+1 {x=5} true? yes

Is {x=5,y=5} y:=x+1 {x=5,y=6} true? yes

6. Is {x=5,y=5} x:=x+1; y:=y+1 {x=6,y=6} true? yes

7. Is {x=5,y=5} x:=y+1; y:=x+1 {x=6,y=6} true? no

8. Is {x=5,y=5} x:=y+1; y:=x+1 {x=6,y=7} true? no

9. Is {x=5,y=5} x:=y+1; y:=x+1 {x=7,y=6} true? yes

Figure 3: Active learning sheet for predicate transformers.

ified by {Q} P {R} produces outputs specified by {R} from inputs
specified by {Q}, P transforms the predicate Q into the predicate R,
and therefore P is a predicate transformer (Question 1). Similarly,
each command C in P can be specified as {Q} C {R} and can be
seen as predicate transformer (Question 2).

We then illustrate predicate transformer semantics by consider-
ing a simple made-up programming language (from [5]) with the
following commands: (i) skip; (ii) abort; (iii) assignment; (iv) se-
quential composition; (v) conditional command; (vi) iterative com-
mand. For each command C we define it by {Q} C {R}.

On this active learning sheet, for the first time the students meet
questions (Questions 3 to 9) that test and enhance their understand-
ing. Having learnt the underlying concepts of predicate transformer
semantics, they now need to apply them to an example language,
and it is important that they understand the details of the semantics
of this simple language.

Question 3 is on the skip command, Questions 4 and 5 on the
assignment command, Questions 6 to 9 on sequential composition.

ubiquity of Java, many of our students do not know that there are
different kinds of programming languages.

These questions do not require detailed working out, and can be
answered by inspection. Nevertheless, the questions are designed
to test thorough understanding, by covering similar and yet distinct
cases.

The most difficult topic on any course on predicate transformer
semantics is undoubtedly loop invariants, for the iterative com-
mand, and we will not even attempt an explanation here. However,
even for this difficult topic, we managed to design useful active
learning sheets.

The sheet for the first lecture on loop invariants is shown in Fig-
ure 4. Questions 1 and 2 are factual questions about the basic

Active Learning Sheet 7: Loop Invariants

1. A loop invariant is so-called because it is true both before

and after the loop.

A loop invariant is true both before and after each

iteration of the loop.
A loop invariant defines the meaning of a loop.

2. If P is the loop invariant of the loop while B do begin
...end, then {P} while B do begin ...end {P}
is true

If P is the loop invariant of the loop while B do begin
...end, and R is the post-condition of the loop, what is the
relation between P and R? P ∧ ¬B → R

3. Consider x := 1; while x<5 do begin x :=
x+1 end:
(i) Which of the following is a loop invariant for while
x<5 do begin x := x+1 end ?
(a) 1 < x < 5 (b) 1 <= x <= 5 (c) 1 <= x < 5 b
(ii) The relation between the loop invariant and the post-
condition is: (loop invariant) 1 <= x <= 5 ∧ x >= 5

→ x = 5 (post-condition)
(iii) A suitable loop bound function for the loop is: 5-x

4. Consider i := 1; x := 1; while i< 5 do
begin i:= i+1; x:= 2*i; end:
(i) The pre-condition is: true The post-condition is:

x = 10
(ii) For the loop while i< 5 do begin i:= i+1;
x:= 2*i; end:
the loop invariant is 1 <= i <= 5 ∧ x = 2 ∗ i
(iii) The relation between the loop invariant and the post-
condition is: (loop invariant) 1 <= i <= 5 ∧ x = 2 ∗ i ∧
i >= 5 → x = 10 (post-condition)

(iv) A suitable loop bound function for the loop is: 5 − i

Figure 4: Active learning sheet for loop invariants.

meaning of loop invariants. A loop invariant is a predicate P that
is true both before and after each iteration of the loop, and so P
defines the meaning of the loop. Also, when the loop terminates,
i.e., when the loop condition is false, P must imply that the post-
condition of the loop holds. Termination can be reasoned about by
introducing a loop bound function that calculates for each iteration
the number of iterations still remaining (Questions 3 and 4). Ques-
tions 3 and 4 test understanding and also provide simple exercises
to enhance understanding. The answers to 3 and 4 can be obtained
by inspection, without any laborious working out.
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2.3 Proving SPARK Programs
After learning predicate transformer semantics for the made-up

language from [5], the students are introduced to a real program-
ming language SPARK [2], which has tools for proving program
correctness. SPARK is a simple imperative language that contains
a subset of commands that are virtually identical to the commands
of the made-up language that the students have learnt. The stu-
dents can therefore learn this subset and its predicate transformer
semantics easily.

SPARK allows predicates to be added as annotations to pro-
grams. These annotations may be pre-conditions (before the pro-
gram body), post-conditions (also before the program body), or any
assertions (anywhere in the program body). A loop invariant is de-
fined as an appropriate assertion in the body of an iterative com-
mand.

Given a SPARK program with suitable annotations, i.e., pre- and
post-conditions, as well as an assertion for every iterative com-
mand, tools are available for proving its correctness. The active
learning sheet for this is shown in Figure 5. The SPARK Ex-

Active Learning Sheet 11: Proving SPARK Programs

1. The SPARK Examiner generates verification conditions.

2. The SPARK Simplifier simplifies/reduces verification con-
ditions.

3. For a SPARK program, every path has a pre-condition and

a post-condition . These are derived from the annotations
in the program.

4. If we can prove the verification condition of a path, it means
that the post-condition of the path will always follow from

the pre-condition of the path.

5. So, to prove a program correct, we have to prove the verifica-
tion conditions of all the paths in the program.

6. For a given path, the verification condition consists of
(i) a hypothesis (this is the pre-condition of the path)

(ii) a conclusion (this is the weakest pre-condition of the

post-condition of the path).

7. We can get the conclusion part of the verification condition of
a path by a hoisting the post-condition of the path to the

beginning/start of the path.

Figure 5: Active learning sheet for proving SPARK programs.

aminer tool can work out all the paths in the program. Using the
annotations in the program, the Examiner can also work out the
pre-condition and post-condition for each path (Question 3), and
thus generate a verification condition for each path (Question 1). If
the verification condition for a path can be proved, then that path
is correct in the sense that its post-condition will always hold pro-
vided its pre-condition holds (Question 4). To prove a program
correct, therefore we need to prove the verification conditions for
all its paths (Question 5).

The SPARK Simplifier tool can reduce or simplify the verifica-
tion conditions by removing redundant sub-formulas, tautologies,
etc. (Question 2). For simple programs with simple verification
conditions, the Simplifier can often reduce all the verifications to
true, and thus proving them. We chose our laboratory exercises
carefully so that this was the case, so that proving these programs
is done automatically by the SPARK tools.

The verification condition for a path with pre-condition Q and
post-condition R consists of: (i) a hypothesis, which is just Q; and
(ii) a conclusion, which is the weakest pre-condition for R (Ques-
tion 6). The Examiner works out the weakest pre-condition by sym-
bolically executing the path backwards and successively substitut-
ing into R the results of each step of the execution. This process is
called hoisting (Question 7).

3. STUDENT FEEDBACK
We started this active learning experiment in 2004, and to our

delight we discovered that the whole thing was feasible.
For the first two years we monitored the students’ response, by

asking the students to fill in a questionnaire at the end of the course.
The results of these questionnaires are very positive, and strongly
indicate that the experiment has been a success. This somewhat ex-
ceeded our expectation, and apart from being very pleasing, it con-
firms the value of active learning as judged by the students them-
selves.

In this section, we present the results of the questionnaires. The
numbers are percentages of the replies.

3.1 Usefulness of Active Learning Sheets
The first set of questions is concerned with the students’ opinion

of the usefulness of the active learning sheets, which is clearly the
most important criterion for us. The results are mainly positive
(Table 1). Over 80% of the students find the sheets useful, with

Question Answer 2004 2005
Are active learning (a) useless 18 15
sheets useful? (b) moderately useful 64 60

(c) very useful 18 25
Do they enhance (a) impair 13 15
your understanding (b) enhance 57 65
of the lectures? (c) neither 30 25

Table 1: Usefulness of active learning sheets.

about 60% saying they are moderately useful and about 20% saying
they are very useful. Only under 20% find the sheets useless.

About 60% of the students say the sheets enhance their under-
standing of the lectures. However, about 30% think they make no
difference, and about 10% think they actually impair their under-
standing.

3.2 Execution of the Experiment
The next set of questions is about our execution of the exper-

iment. The answers are again mainly positive (Table 2). Here

Question Answer 2004 2005
Were the questions (a) too easy 4 5
too easy? (b) too hard 7 15

(c) about right 89 80
Did completing the sheets (a) no 64 90
take up too much time? (b) yes 36 10
Did it make you miss (a) no 50 55
important parts of (b) yes 50 45
the lectures?

Table 2: Execution of experiment.

our major concern is whether we have chosen questions of a suit-
able degree of difficulty. On this, we were resoundingly successful.
Over 80% of the students say the level of difficulty of the questions
was about right.
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Another concern we had was whether completing the sheets we
had set would take up too much time. Again, here we were re-
soundingly successful. About 80% on average of students say the
sheets did not take up too much time.

On whether completing the sheets made the students miss impor-
tant parts of the lecture, the result is not so positive. Just over 50%
say the sheets did not make them miss important parts of the lec-
ture, and just under 50% say the opposite. Since missing important
parts of the lecture is completely undesirable, this result has to be
seen as a negative. However, this result is somewhat curious, since
it seems to be inconsistent with the previous result that 80% of the
students say the sheets did not take up too much time.

3.3 Impact on Lectures
We were also concerned about the overall impact of the active

learning sheets on the lectures themselves. Lecture attendance is
normally low already, so any negative impact on lectures would be
undesirable. So we wanted to know whether the students thought
the sheets made lectures more interesting. The result here is not so
positive (Table 3). About 45% say the sheets do make the lectures

Question Answer 2004 2005
Do they make (a) less 10 5
lectures less or more (b) more 44 45
interesting? (c) neither 46 50
Do they discourage (a) discourage 4 0
or encourage you to (b) encourage 57 45
attend lectures? (c) neither 39 55

Table 3: Impact on lectures.

more interesting, but the rest say the sheets make no difference
(about 50%), or they even make the lectures less interesting (about
5%).

We also asked whether the sheets encouraged students to attend
lectures. Here the result is positive, in that about 50% say the
sheets encourage them to attend lectures, and almost nobody says
the sheets discourage them to do so. However, the other 50% say
the sheets make no difference in this regard. Overall, we think this
is still a positive result.

3.4 Active Learning Sheets as Revision Aids
On the questionnaire, we also invited the students to make other

comments. Many students commented forcefully that the active
learning sheets with the correct answers filled in would make very
good revision aids. As a result, we made such sheets available on
the course website.

4. CONCLUSION
We have presented 5 active learning sheets (out of a total of

11) from our course. They demonstrate that useful active learning
sheets can be designed for this particular topic. The main benefits
of these sheets as perceived by the students are that they enhance
understanding and that they provide good revision aids. These ben-
efits result from formative feedback that the sheets provide.

However, there was a price to pay. Much more preparation was
needed for the lectures. For each lecture, questions for the active
learning sheets had to be chosen judiciously to cover the key points
of each lecture. Conversely, talk material had to be planned and
structured very carefully around active learning sheets. To allow
students time to complete the active learning sheets, the content of
each lecture had to be reduced. Consequently, lecture plans had to
be reorganised.

We ensured that the lecture was punctuated with regular pauses.
Our approach is thus more like [12]. However, we do not use pauses
for mini assessment break-out sessions, since our active learning
sheets last the whole lecture, and we do not mark them.

We feel that this simple form of active learning is perhaps partic-
ularly suitable for large lecture classes, since anything else would
require a lot more resources. There are techniques specifically de-
signed to engender interaction for large lecture groups, e.g., [3, 10,
17], and even new tools to encourage participation in large lecture
classes, e.g., [11]. Clearly these are interesting alternatives, but
their resource implication needs closer consideration.

Finally, we tried to establish a statistical correlation between the
active learning approach and exam performance, but this turned out
to be very weak, due to variable levels of student quality and exam
question difficulty.
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