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Abstract

Programs that use multi-threaded concurrency are
known to be difficult to design. Moreover, research in
computer-science education suggests that concurrency
and synchronization concepts are generally difficult to
master. It stands to reason that comprehension tasks
may be more complex for programs that employ con-
currency than for sequential programs. We believe that
external representations, specifically refinements to
some of the popular UML modeling notations, should
aid students in mastering fundamental concur-
rency/synchronization concepts and should enable
practitioners to better comprehend the dynamically
evolving nature of the these programs. In this paper,
we present our synchronization adorned UML
(saUML) sequence diagram notation that highlights
aspects of thread interactions and describe an empiri-
cal study of whether these diagrams, as opposed to
purely textual representations, help students to better
understand concurrent executions and concurrency
concepts, as measured by their ability to answer ques-
tions about a particular execution of a multi-threaded
system. A statistically significant benefit was found
from the study.

1. Introduction

Programs that use multi-threaded concurrency are
known to be difficult to design. Moreover, research in
computer-science education suggests that concurrency
and synchronization concepts are generally difficult to
master [3, 4, 6, 11, 14]. It stands to reason that com-
prehension tasks may be more complex for programs
that employ concurrency than for sequential programs.
This expectation is consistent with our experience [1,
12] and the experiences of others [6, 7, 10].

Many of the difficulties that attend to concurrent-
program comprehension derive from the complexities
that make concurrency and synchronization difficult for
students to learn in the first place. For example, the

space of thread interleavings is enormous and difficult
to meaningfully visualize in its entirety. When threads
synchronize, they do so indirectly, using calls to low-
level system primitives that modify the state of the op-
erating system’s data structures. That students find
these primitives difficult to reason about is well docu-
mented [4, 8, 9].

We believe external representations [16] can both
aid students in mastering concurrency and synchroniza-
tion concepts and enable practitioners to better com-
prehend the dynamically evolving nature of concurrent
programs. To this end, we have been conducting em-
pirical studies to assess the effectiveness of various
representations on human performance (and retention
of knowledge) during comprehension tasks involving
concurrent programs. This paper describes a study,
conducted at the University of Georgia in 2006. The
study shows that a modest extension to the UML 2.0
sequence diagram notation [13], when used in conjunc-
tion with source code, can significantly improve under-
standing tasks that involve specific executions of a con-
current program when compared with using only the
source code. The improvement was measured by user
performance in answering scenario-based questions
about those executions.

The remainder of the paper is structured as follows.
We first outline some of the fundamental problems that
students face when learning about concurrency and
synchronization and describe prior work in the use of
external representations to improve learning (Section
2). We then describe our synchronization adorned
UML (saUML) sequence diagram notation (Section 3),
the experimental design, and the results of the study
itself (Section 4), and the conclusions we were able to
draw from this work (Section 5).

2. Background

Several studies have looked at how students learn
about concurrency and the kinds of problems that at-
tend to this learning. Kolikant’s research shows that



novice students often develop pattern-based techniques
to successfully solve synchronization problems to
avoid dealing with the dynamics of the synchronization
mechanisms. These students are then unable to deal
adequately with novel situations requiring synchroniza-
tion [8]. Choi and Lewis [4] performed a detailed study
of student programs involving concurrency and syn-
chronization and found that over 30% contained seri-
ous design flaws (e.g., data races, deadlocks, and inap-
propriate locking regimes) even though the programs
produced correct output when executed on the sample
inputs provided.

Kramer [9] observes that the ability to think ab-
stractly is critical for a number of activities in computer
science, including program analysis and comprehension
of concurrent computations. He notes that only 30-
35% of adults reach the formal operations stage of
cognitive development at which such abstract thinking
is supported. The prospects for success in these activi-
ties would seem dismal for the remaining 65-70%.
However, studies of distributed cognition [16] provide
some hope.

Distributed cognition involves the interaction be-
tween internal representations and external representa-
tions in the performance of problem-solving tasks. In-
ternal representations are described as existing "in the
mind, as propositions, productions, schemas, mental
images, connectionist networks, or other forms", while
external representations exist "in the world" both as
physical symbols (e.g., written symbols or the beads on
an abacus) and the rules, constraints, or relations that
pertain to those symbols (e.g., the relations among the
symbols in a diagram or the physical constraints on the
behavior of the abacus) [16]. Norman and Zhang
showed that the choice of external representation af-
fects the speed and accuracy of users engaged in such
problem-solving tasks. Thus, the choice of representa-
tion is important. The extent to which "good" choices
of external representation can expand the population
capable of successfully performing these tasks is an
open question.

Our work intends to optimize the efficiency of pro-
gram comprehension in the context of concurrency and
synchronization by designing and empirically evaluat-
ing external representations that are customized to ad-
dress the complexities that most programmers and ana-
lysts encounter. We began by focusing on the com-
plexities that complicate learning, with the idea that
these same complexities would also complicate com-
prehension tasks. Instructor interviews and observa-
tional studies of students learning about concurrency
provided insight into these problems. For example, our
study of instructors and students in an operating sys-

tems course [15] identified several key difficulties,
including:

= Students do not comprehend the space of possi-
ble interleavings that arise from the nondeter-
ministic scheduling of threads and are often
surprised by the extreme cases, such as when a
thread T, executes almost to completion before
another thread 7> is scheduled or vice versa.

= Students often conflate the concepts critical re-
gion and scheduling policy to the point that
they fail to consider execution sequences in
which a thread executing within a critical region
is interrupted due to context switching.

= Students have trouble reasoning about why the
implementations of synchronization primitives
lead to correct synchronization behavior.

We then began to design our saUML sequence dia-
gram notation and evaluate its readability. We evalu-
ated an initial version of this notation via a subjective
survey in which students evaluated these diagrams and
expressed a feeling that they should be helpful in rea-
soning about executions of a concurrent program. Spe-
cifically, satUML sequence diagrams clarify details that
were not discernible from the traditional UML se-
quence diagrams, such as when a thread enters and
leaves a critical region (e.g., a monitor in this study)
and which threads are actively running at any given
point in a program trace. The survey participants re-
ported the diagrams to be useful in facilitating their
understanding of the inherent mechanisms of monitor
synchronization.

This paper presents a more refined version of our
notation and describes an empirical study to determine
whether these diagrams, as opposed to purely textual
representations, are able to help students better under-
stand concurrent executions and concurrency concepts
as measured by their ability to answer both scenario-
based and more general, concept-based questions.

3. The saUML sequence diagram notation

We now briefly describe the characteristics of our
notation and discuss its utility through a running exam-
ple—a monitor-based solution to a simplified version
of the bank-account problem, in which two or more
threads concurrently access shared bank-account ob-
jects. For the example, we modified the standard moni-
tor implementation of a bank-account object to prevent
overdrafts on withdrawals.



3.1. Notational specifics

Our saUML sequence diagram notation extends the
standard UML 2.0 sequence diagram notation [13] to
explicitly represent phenomena related to synchroniza-
tion. Figure 1 depicts a simple example. The diagram
illustrates one possible scenario of interaction among
three objects—c;, ¢,, and a. Our notation assumes that
every class depicted in one of these diagrams must bear
one of two stereotypes—thread or monitor.! We dis-
tinguish thread objects (e.g., c; and c;) using UML’s
double-bar convention for depicting active objects.
Passive objects (e.g., @) are assumed to be monitors.
Thus, the interaction depicted in Figure 1 involves two
threads, ¢/ and c¢2, and one monitor, a, and illustrates
thread c; invoking the monitor operation deposit on a.

II | a:Accounl | |
deposit(100) .

| -
P

c2:Customer

unlocked

Figure 1. A simple example depicting thread
objects and passive objects

We depict synchronization-relevant behavior using
an idiomatic combination of UML features and non-
standard extensions to represent the synchronization
state of a monitor and the scheduling state of a thread.
Every monitor can be in one of two synchronization
states—locked or unlocked—to represent whether a
thread is currently executing within it. Changes to syn-
chronization state are depicted using UML lifeline
states [13, pg 589], i.e, rounded rectangles containing
the name of a target state. For example, in Figure 1,
the synchronization state of a transitions to locked and
then later to unlocked as a result of thread c; executing
operation deposit. Our notation also allows for the
depiction of zero or more problem-specific synchroni-
zation states, which are orthogonal to locked and
unlocked. For example, when threads are synchroniz-
ing using condition variables, condition changes may
be shown explicitly as a change of synchronization
state on the lifeline of the monitor. Figure 2 presents

1 . . . .
Not shown in this diagram, but would be apparent in the class
diagram that defines classes Account and Customer

an example of orthogonal states that indicate the moni-
tor object is locked or unlocked and the current ac-
count balance is 0 or 100.

Threads may be in one of three scheduling states:
running, ready, or suspended. Our notation depicts the
current scheduling state of a thread using colored exe-
cution specifications.” By convention, the thread is
running if its most deeply nested execution specifica-
tion is shaded green, ready if this specification is
shaded yellow, and suspended if it shaded red (varying
intensities produce shades of gray that are distinguish-
able in monochrome displays or by color-blind users).
Moreover, at any point in time, only the most deeply
nested execution specification is shaded. In Figure 1,
for example, we see that thread c; is running for the
duration of this interaction, while thread c; is ready.

II | a:Account | | | c2:Customer | |
deposit(100} T

locked;
balance=0
locked;
balance=100
unlocked;
balance=100

¢ -

Figure 2. A simple example depicting
orthogonal states

3.2. Bank account solution in detail

The bank account problem is stated more formally
as follows. Threads represent individual customers,
some of whom may share bank accounts. Each cus-
tomer may deposit or withdraw money from an ac-
count; however, to avoid a data race, only one cus-
tomer may access any account at a time. A customer
may execute a deposit at any time, provided that no
other thread is currently accessing the account. A
withdrawal requires both exclusive access and the con-
dition that the balance be sufficient to permit with-
drawal of the requested amount. Figure 3 depicts a
Java-like pseudo-code solution to this problem.

Figure 4 presents the implementations of the wait
and notifyAll methods using condition variables. No-
tice that each condition variable maintains a “wait set”
onto which threads may be placed to await resumption
when some other thread invokes notifyAll for a given
condition variable. Wait and notifyAll are methods of
class Object; thus “release lock™ releases the lock on

2 formerly activations in UML 1



the monitor and does not affect the condition variable
passed in as a parameter. Thread.currentThread() re-
turns the currently executing thread, and suspend()
causes the target thread to suspend execution until it is
explicitly resumed by another thread.

class Account extends Object {
private double balance = 0;
private CondVar OKtoWithdraw = new CondVar;
public synchronized void deposit(double amount) {
balance = balance+amount;
notifyAll[OKtoWithdraw);
1
public synchronized void withdraw(double amount) {
while (amount > balance)
wait(OKtoWithdraw);
balance = balance-amount;
!
}

Figure 3. A Monitor solution to the bank
account problem.

wait(CondVar cond) {
put the calling thread on the ‘wait set” of cond;
release lock;
Thread.currentThread.suspend();
acquire lock;

}

notifyAll(CondiVare cond) {
forall t in wait set of cond
t.resume()

Figure 4. The pseudocode for “wait” and
“notifyAll”

3.3. A walk-through

Figure 5 uses our saUML sequence diagram nota-
tion to present a complex interaction between two cus-
tomer threads attempting to access a shared account,
whose balance is initially $0. We assume that only
those two threads are running and that they are execut-
ing on a single physical processor.

The numbers 1-10 shown to the left of the diagram
are keyed to the following description:

1. Initially, c! is scheduled, as indicated by the green
shading (darkest shade of grey on a monochrome
display) of its execution specification. Thread c2 is

10.

ready, as indicated by the yellow (lightest gray)
shading of its execution specification.

Thread ¢l invokes the deposit(100) method and is
able to obtain the lock, as indicated by the change
in a’s synchronization state to locked. The or-
thogonal condition balance=0 is also depicted.

cl increases a’s account balance by $100, as indi-
cated by the change in synchronization state with
the condition balance=100 (monitor remains
locked).

A context switch occurs. ¢2 now runs (the shading
of ¢2’s execution specification changes from yel-
low to green as that of c¢/’s changes from green to
yellow). c2 invokes withdraw(150) and attempts to
enter the monitor. However, the monitor lock is
held by c/, so c2 suspends (the shading of its exe-
cution specification changes to red).

cl then resumes (shading changes from yellow to
green) and calls notifyAll(OKtoWithdraw). Be-
cause no thread is suspended on the condition
variable OKtoWithdraw, this operation does not
trigger any changes in scheduling state but releases
the lock (unlocked state) and returns from de-
posit(100). Notice, at the point at which c/ re-
leases the lock, ¢2’s scheduling state changes from
suspended to ready (red to yellow).

When another context switch occurs, ¢2 is able to
run (green shading) and is able to obtain the lock
(locked state). Because the withdrawal (150) ex-
ceeds the balance (100), wait(OKtoWithdraw) is
invoked. As depicted in the code of Figure 3, c2
then adds itself to the wait set of OKtoWithdraw
(not depicted in diagram), releases the lock
(unlocked state) and suspends itself (shading
changes to red).

cl now resumes execution (green shading). It in-
vokes the deposit(100) method, acquires the lock
(locked state), and increases the balance by $100.

cl invokes notifyAll(OKtoWithdraw). As a conse-
quence, c2 (suspended and in the wait set of OK-
toWrite), now resumes to the ready scheduling
state (shading changes from red to yellow).

cl returns from the notifyAll method, releases the
lock (unlocked state) and eventually returns from
the invocation of deposit.

c2 is then scheduled (green shading). It obtains the
monitor (locked state), and because the current
balance (200) is now greater than the withdrawal
amount (150), c¢2 eventually completes its transac-



tion and finishes it execution, leaving the account

balance at 50 (indicated in the orthogonal state).

‘ | c2:Customer ‘ ‘

1 | | tl:Customer ‘ |
deposit(100) T
2 >
lockad;
3 halanee=10.
4 withdraw(150)
5

notify All{OKtoWithdraw)

7 . deposit(100)
locked;
balanece=11.
8 notifv All(OKtoWithdraw)
9

umnlodad;
halance=200,

lockad;
balance=100,

] wait{OKtoWithdraw)

umnloded;
balance=100.

locked;

halance=200,

Figure 5. Our saUML sequence diagram notation for the bank account example.

We designed this notation to address the obstacles
to student learning uncovered by our surveys and sub-

jective studies [15]. These extensions should help stu-
dents in comprehension tasks involving the essentials



of thread interleavings and context switches. The dia-
grams explicitly illustrate thread interactions and the
effects of the execution of synchronization primitives
by one thread on other threads. Consequently, they
reveal more of the underlying dynamics of synchroni-
zation, information that is typically hidden from pro-
grammers. We expect that this external representation,
designed to address some of the difficulties that users
encounter in comprehending concurrent programs, will
lead to improved performance on comprehension tasks.

4. An objective user study

We conducted an empirical study to examine the
benefits of using our saUML sequence diagram nota-
tion in conjunction with source code in comprehension
tasks for programs that employ concurrency.

4.1. Study Design

We hypothesized that our notation, in combination
with a careful selection of motivating examples, has the
potential to increase students’ performance when an-
swering questions that require them to reason about
synchronization behaviors. To evaluate the hypothesis,
we adopted a between-subjects, pre-test/post-test de-
sign to compare the performance of a text-only group
with that of a text-plus-diagram group in answering
questions about concurrency. The user study consisted
of a teaching session that reviewed concurrency con-
cepts and introduced the monitor construct, a pre-test,
another teaching session that reviewed the monitor
construct and introduced the readers/writers problem,
and a post-test. The data collected from the study
showed a statistically significant benefit to the use of
our notation.

This study was conducted in an undergraduate oper-
ating systems class at the University of Georgia and
comprised two 75 minute class sessions. Participants
were mostly juniors or seniors who had learned Java in
their first two years of study and had recently been
taught some basic concurrency concepts in this class.
Students were informed that both the pre-test and post-
test would be counted as class quizzes. For purposes of
class grade reportring, the post-test scores were nor-
malized across groups to ensure fairness.

4.2. First phase of the experiment

In the first 75 minute class session, the experimenter
reviewed with the students the basic concepts and ter-
minology in concurrency, including definitions and
discussion of threads, context switches, race condi-

tions, atomic operations, critical sections, deadlock,
mutual exclusion, etc. A joint bank account example
(with no synchronization mechanism) was used to illus-
trate race conditions. Condition variables and the
monitor construct were then introduced, and a monitor
solution to a simple rendezvous problem was pre-
sented. No diagrams were used.

The pre-test was conducted at the end of the first
class session. In the pre-test, we asked both knowledge
level questions about concurrency concepts and appli-
cation level questions that required students to apply
those concepts in interpreting the interactions between
two concurrent threads in a single problem. Bloom’s
taxonomy [2] categorizes the levels of abstraction of
questions that commonly occur in educational settings.
Knowledge level questions are the least abstract, and
are characterized by recall of terminology of concepts.
Application level questions require participants to use
methods, concepts or theories in new situations or to
solve problems.

The eight knowledge level questions were presented
to refresh students’ memory about the basic concepts
and to make sure that the participants had the funda-
mental knowledge to understand the terminology used
in the subsequent application questions. Of the partici-
pants, 83% scored 100% on these eight knowledge
level questions and 100% scored 75% or higher, indi-
cating that students had sufficient grasp of the termi-
nology and concepts of interest.

Assume cl is running within the invocation of de-
posit(100) and c2 is in the suspended state (it was sus-
pended on the monitor lock).
Question: If c1 releases the monitor lock and leaves the
monitor, then:
a. cl changes to ready and c2 changes to running;
b. cl changes to suspended and c2 changes to run-
ning;
cl remains running and c2 remains suspended;
cl remains running and c2 changes to ready;
e. Deadlock occurs.

a o

Figure 6. A sample pre-test scenario and
question

Seven application level questions were presented
and served as the basis for evaluating student compre-
hension of the essential synchronization primitives and
the behavior of concurrent programs. Figure 6 presents
a sample scenario description and question from the
pre-test. The question refers to the monitor solution to
the bank account solution seen in Figure 3.

Based on their scores on these application-level
questions, we divided the students into two groups—a
control group and a treatment (diagram) group—for



the post-test. The division was designed to produce two
groups with equal means and standard deviations of
pre-test scores. However, only twelve students in the
class attended both the pre-test and the post-test ses-
sions. Due to drop-outs between the pre-test and post-
test, the actual groups did not have the same mean
score on the pre-test. The treatment group received a
mean of 3.833 out of 7 with a standard deviation of
0.983 on the pre-test while the control group received a
mean score of 4.667 out of 7 with a standard deviation
of 1.366. Our analysis methodology took this differ-
ence in variances between groups into account.

4.3. Second phase of the experiment

During the next phase of the experiment, the groups
attended parallel lecture sessions in different class-
rooms. Each lecture covered the basic features of
monitors and a monitor solution to the bank account
problem. Moreover, the PowerPoint slides used to
cover this material were exactly the same for both the
control and the treatment group. Following this initial
lecture, the treatment group was then introduced to our
notation and the diagram depicted in Figure 5. These
students were then led to “walk through” the event se-
quence described in Section 3.3. The control group
went through the same event sequence as the treatment
group, as well as some additional examples to ensure
that both groups spent the same amount of time in this
second teaching session; however the control group
used only the program text (no diagrams).

Afterward, the two groups were brought together
and received a brief introduction to the readers/writers
problem [5] and one of its monitor solutions (see Fig-
ure 7). This problem served as the basis for the major-
ity of the questions and answers involved in the post-
tests.

The post-test comprised seven scenarios of program
execution traces, each followed by an application level
question. These questions were similar to those in the
pre-test, except the pre-test questions addressed the
simpler bank account problem rather than the more
complex readers/writers problem. Figure 8 depicts a
sample scenario and its associated question. In addition
to these application-level questions, the post-test in-
cluded three comprehension level questions.

All students then took the post-test. The control
group received only textual materials while the treat-
ment group received both the textual materials and
diagrams. The diagram in Figure 9 corresponds to the
scenario described in Figure 8.

The readers-writers problem is a classic synchroniza-
tion problem in which two distinct classes of threads
exist, reader and writer. Multiple reader threads can be
present in the Database simultaneously. However, the
writer threads must have exclusive access. That is, no
other writer thread, nor any reader thread, may be pre-
sent in the Database while a given writer thread is pre-
sent. Note: the reader/writer thread must call star-
tRead() /startWrite() to enter the Database and it must
call endRead()/endWrite() to exit the Database.
class Database extends Object {
private int numReaders = 0;
private int numWriters = 0;
private CondVar OKtoRead = new CondVar();
private CondVar OKtoWrite = new CondVar();
public synchronized void startRead() {
while (numWriters > 0)
wait(OKtoRead);
numReaders++;
}
public synchronized void endRead() {
numReaders--;
notify(OKtoWrite);
}
public synchronized void startWrite() {
while (numReaders > 0 || numWriters > 0)
wait(OKtoWrite);
numWriters++;
}
public synchronized void endWrite() {
numWriters--;
notify(OKtoWrite);
notifyAll(OKtoRead);

Figure 7. A Monitor solution to the
readers/writers problem.

Assume the reader thread is in the running state and the
writer thread is in the suspended state (we assume the
writer thread was previously suspended on
wait(OKtoWrite)). The reader thread invokes endRead()
and enters the monitor. It sets the numReaders to 0 and
issues a notify(OKtoWrite). Note: we assume that only
one reader thread and one writer thread are running on
the processor.
Question: As a result:
a. The reader thread changes to ready; the
writer thread changes to running.
b. The reader thread changes to suspended; the
writer thread changes to running.
c. The reader thread remains running; the writer
thread remains suspended.
d. The reader thread remains running; the writer
thread changes to ready.
e. Deadlock occurs.

Figure 8. Scenario and question from the
post-test.
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Figure 9. A sample diagram appeared in the post-test, depicting an execution of the
readers/writers program.

4.4. Results and analysis

Table 1 summarizes the results of the study. The
mean score of the control group dropped from 4.667
(67%) on the pre-test to 3.667 (52%) on the post-test,
while the mean score of the treatment group rose from
3.833 (55%) to 4.833 (69%). We believe the drop in
performance on the part of the control group was due
to the use of a more complex problem (readers/writers)

on the post-test than what was used on the pre-test.
Structurally, the pre-test and post-tests were equivalent,
as each contained only seven application-level ques-
tions with scenario descriptions of comparable length.
To measure the effect that our notation had on the
subjects’ ability to perform problem-solving tasks, we
compared the changes in scores from pre-test to post-
test (post-test scores minus pre-test scores). By apply-
ing a two-tailed heteroscedastic (does not assume equal



variance) t-test to the improvement matrix, we obtained
a p-value of 0.027. This result indicates a statistically
significant difference between the two groups, with the
treatment group outperforming the control group.

Table 1. Statistical results

Control Group ~ Treatment Group

Pre-test 4.667 / 1.366 3.833/0.983
Mean / Stdev

Post-test 3.667 / 1.506 4.833/0.753
Mean/Stdev
Improvement

(Post-test - Pre-test) -1/1.265 1/1.414

Mean/Stdev

The post-test also included three comprehension
level questions. In contrast to the application-level
questions, these questions were more general in nature
and did not have a corresponding diagram. Neverthe-
less, the treatment group outperformed the control
group in that the mean score of the treatment group was
2.667 out of 3 while the mean score of the control
group was 2.167. We postulate that our notation, which
also visualizes the low-level implementation details of
some of the synchronization primitives, may aid stu-
dents in achieving the comprehension-level objectives
in learning about concurrency. However, due perhaps
to the limited group size and the limited number of
comprehension level questions presented in the study,
the result was not statistically significant.

In summary, our saUML sequence diagram nota-
tionn resulted in a statistically significant benefit in
answering application-level questions. A beneficial
trend was observed for comprehension-level questions.

5. Conclusions and future work

In this paper, we have presented the details of our
saUML sequence diagram notation, which extends the
UML 2.0 sequence diagram to depict thread schedul-
ing/synchronization phenomena. One must reason
about these phenomena when performing comprehen-
sion tasks involving concurrent programs. We believe
that well-designed external representations can aid in
these tasks, perhaps enabling a larger population of
developers to contribute to this end. Using empirical
observation, we have shown the representation pre-
sented here to be beneficial as compared to a text-only
presentation. Future studies will allow us to compare
the efficacy of this representation with other graphical
notations. In fact, an experiment comparing our nota-
tion versus the original UML sequence diagram nota-
tion is in progress.

Meanwhile, we are formalizing our saUML se-
quence diagram notation in the forms of UML 2.0 pro-
files [13]. Such profiles tailor our notation for model-
ing concurrent software and make it possible to intro-
duce tool support for our notation.

Our ultimate goal is to develop external representa-
tions that aid developers in the problem-solving tasks
that attend to the design, verification, and maintenance
of concurrent software. Program comprehension plays
a major role in each of these activities, especially veri-
fication and maintenance. We believe that many of the
problems that complicate learning about the proper use
of concurrency and synchronization also contribute to
the complexity of comprehension tasks in this domain,
and to this end, we have begun to investigate alterna-
tive representations that improve comprehension during
learning. This paper describes one study in our con-
tinuing work toward this goal.
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