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Abstract

Comprehending and debugging computer programs
are inherently difficult tasks for sighted programmers.
These tasks are even more difficult for non-sighted pro-
grammers, who must rely exclusively on audio-based
representations of programs. The current state-of-the
art approach to building program execution and de-
bugging environments for non-sighted programmers is
to retrofit existing visual environments with screen
readers. Because of intrinsic differences in the ways
humans process audio (serially) and visual information
(in parallel), we argue that effective programming tech-
nologies for the non-sighted must instead be built from
the ground up. To illustrate what such an environment
might look like, we present the Sonified Omnicient De-
bugger (SOD), whose auditory cues were derived from
empirical studies in which sighted proxies performed
audio-based program comprehension tasks. In an ex-
perimental study involving sighted proxies, we com-
pared SOD to (a) an identical environment with audi-
tory cues from a state-of-the-art screen reader, and (b)
an identical visual environment. Our results show that,
for program comprehension and debugging tasks, SOD
is significantly more effective than the environment with
auditory cues from a state-of-the-art screen reader.

1. Introduction

Program comprehension and debugging are notori-
ously difficult tasks for sighted programmers. The diffi-
culty of those tasks increases markedly for non-sighted
programmers, who must depend exclusively upon au-
dio-based representations of programs and their execu-
tion.

In contrast to the visual representations of programs
that sighted programmers process in parallel (e.g., for-
matted source code, variable watch windows), audio-
based representations must be processed serially. Given
the inherent differences in how humans process audio
and visual information, we find it surprising that the
present state-of-the-art programming environment for

the non-sighted consists of a visual environment (e.g.,
Microsoft® Visual Studio®) retrofitted with a screen
reader (e.g., JAWS®). Indeed, programming environ-
ments for the blind that merely translate visual environ-
ments into audio would appear to be insensitive to the
limits of human auditory processing and working mem-
ory. Therefore, they would appear to run the risk of
overwhelming their users, diminishing their effective-
ness as comprehension and debugging aids.

Is this actually the case? While gaining access to the
blind programming community is challenging due to its
broad geographical dispersion and relatively small num-
bers, our involvement with an international mailing list
for blind programmers suggests that the blind program-
ming community is generally unsatisfied with the cur-
rent state-of-the-art. Indeed, the only mechanism the
community has to improve usability is to use JAWS®
scripts to customize the behavior of the JAWS® screen
reader. However, these community-created scripts do
not have the ability to customize the delivery of the
complex information processed by compilers and de-
buggers; instead, they are generally used only to im-
prove simpler issues like navigation in the environment.

In order to remedy deficiencies in the state-of-the-art
program execution and debugging environments for the
blind, we believe that one needs to fundamentally re-
think the current approach to the problem. Rather than
attempting to make visual environments accessible to
the non-sighted by retrofitting them with screen readers,
we believe that a superior design strategy is to build
such environments for the blind from the ground up.
This means designing for the non-sighted from the start
through a user-centered design process [1] driven by
empirical studies of the non-sighted—or if non-sighted
programmers are unavailable, then at least of sighted
proxies, who have been shown to exhibit performance
that reasonably approximates that of the non-sighted [2].

We have been using such an approach to explore the
design of auditory cues to support program comprehen-
sion and debugging tasks. Our exploration has been
driven by two main research questions:



RQ1: What auditory cues best facilitate the compre-
hension of static program structure?

RQ2: What auditory cues best facilitate the compre-
hension of run-time program state and behav-
ior?

In this paper, we address these questions by present-
ing and experimentally evaluating a novel program exe-
cution and debugging environment called the Sonified
Omniscient Debugger (SOD). The auditory cues sup-
ported by our environment were designed iteratively
through empirical studies involving sighted proxies. To
evaluate the effectiveness of the SOD environment, we
experimentally compared it against (a) a visual envi-
ronment (used to establish an upper bound on human
performance) and (b) a current state-of-the art environ-
ment for the blind: Microsoft® Visual Studio® 2005
coupled with the JAWS® 9 screen reader. In our study,
the SOD environment promoted significantly more effi-
cient task performance than did Visual Studio coupled
with JAWS. Moreover, whereas a significant difference
was found between the visual environment and Visual
Studio + JAWS, no such difference was found between
the visual environment and SOD. These results indicate
that SOD constitutes a significant improvement over the
current state-of-the-art.

The remainder of this paper is organized as follows.
After reviewing related work in Section 2, we describe
the design of the SOD environment in Section 3. Then,
in Section 4, we present the design and results of our
experimental evaluation. Finally, in Section 5 we sum-
marize our contributions, and outline directions for fu-
ture research.

2. Related Work

Auditory display techniques use audio to represent
either data or information about data [3]. Gaver’s [4]
pioneering work on SonicFinder, a system that used
audio to provide a richer and more informative desktop
interface, introduced the idea of perceptual mappings
between data and sound, and defined three different
types: symbolic, metaphorical, and iconic.

Auditory displays have been developed to assist the
blind and visually impaired in a variety of tasks, includ-
ing navigating web pages [5], reading tables [6], com-
prehending mathematics [7], browsing molecular struc-
tures [8], and improving short term memory [9].

While computer programming, debugging, and com-
prehension tasks have been widely studied over the past
three decades, relatively little research has considered
the use of assistive auditory technologies for these tasks.
Begel and Graham [10] created Spoken Java, a tool de-

signed to allow users to speak computer code instead of
typing it. This work can be characterized as the reverse
of the work presented here. Spoken Java provides a
means of inputting computer programs via speech,
whereas our work provides a means of outputting com-
puter programs as speech.

Boardman [11] created the language LISTEN to ex-
plore alternative mappings between source code and
sound. In contrast to our work, LISTEN focused on
facilitating code-to-audio mappings, not on the design
of the auditory cues.

Brown and Hershberger [12] augmented algorithm
animations in their Zeus system with “algorithm aurali-
zations.” Their musical auditory displays mapped
higher-pitched tones to larger magnitude data in the
algorithms being auralized. Brown and Hershberger
claimed that their auditory displays assisted in the com-
prehension of the algorithm animations by communicat-
ing patterns, conveying additional information not de-
picted in the animations, and signaling exceptional con-
ditions; however, they did not carry out any empirical
evaluations to test these claims.

In a similar vein, Vickers [13] built a program aurali-
zation system called CAITLIN, which used musical
auditory cues to represent the execution of computer
programs written in Pascal. In experimental studies,
Vickers failed to show that participants could find more
bugs with musical cues, although he claimed to have
found that the effectiveness of the musical cues in-
creased with the cyclomatic complexity of the source
code. Subsequent work has shown that musical auditory
cues are, in fact, difficult to learn [14]. This line of work
differs from ours in that we explore the use of speech-
based cues as opposed to musical cues.

In a line of research perhaps most related to the work
presented here, Smith et al. [15] developed a speech-
based hierarchical structure analysis tool, JavaSpeak,
specifically for non-sighted computer programmers.
This tool was informally tested in empirical studies by
having sighted proxies and two blind students navigate
complex hierarchical structures. Whereas Smith et al.
focused specifically on auralizing hierarchical struc-
tures, we have built an entire program debugging envi-
ronment for the non-sighted from the ground up.

3. The Sonified Omniscient Debugger

Traditional assistive screen readers for non-sighted
computer users are driven by information made avail-
able through accessibility APIs. While screen readers
grant blind or visually impaired users basic access to
visual interfaces, such “retrofitted” interfaces are clearly
not optimized for the usability and efficiency of non-
sighted users, because they fail to acknowledge inherent
differences in the ways humans process visual and audi-



tory information. Rather than retrofitting visual inter-
faces, we believe a better design strategy is to build
program execution and debugging environments for the
blind from “the ground up.” To illustrate how one might
do that, this section presents the Sonified Omniscient
Debugger (SOD), a new program execution and debug-
ging environment for non-sighted programmers.

As the name implies, SOD is both a sonified debug-
ger and an omniscient debugger. SOD is a sonified de-
bugger because it allows for any possible run-time or
static attribute of a computer program to be presented to
the user via auditory cues. SOD is an omniscient debug-
ger [16] because, as SOD executes a program, it stores a
record of computation and all changes to the state of the
program. As a result, the environment is able to execute
programs in reverse, and to provide users with informa-
tion on program execution history.

3.1 Sample Session with SOD

In order to provide a feel for how the SOD environ-
ment works, we now walk through a sample session in
which we use the SOD environment to complete a por-
tion of one of the tasks performed by participants in our
experimental evaluation (see Section 4). The task is to
answer a comprehension question about the “Replace
Values” algorithm, which replaces values in an array
that are less than 25 with zero. For comparison pur-
poses, we describe in this example both SOD’s auditory
cues, and the state-of-the-art auditory cues that are gen-
erated by the JAWS® 9 screen reader coupled with Mi-
crosoft® Visual Studio® 2005.

Figure 1 presents a visual snapshot of the SOD envi-

ronment. The C source code for the same buggy “Re-
place Values” algorithm used in our experiment is
loaded into the environment. In this example, we con-
sider how a user might answer the comprehension ques-
tion, “How many items have been replaced after the
third iteration of the loop?” The user could answer this
question using three different methods. Illustrating these
three methods will expose us to SOD’s complete reper-
toire of auditory cues.
In the first method, which is the most difficult, the user
would first place the source code into working memory,
and then mentally simulate the algorithm to arrive at an
answer. To do this, the user would listen to the source
code by pressing the up and down arrow keys, which
cause the environment to play cues corresponding to the
line being visited. Whereas pressing the arrow keys
produces semantic cues in SOD, it produces syntactic
cues in Visual Studio + JAWS. For example, when
visiting the statement m[3] = 14;, a SOD user would
hear “m sub 3 equals 14.” In contrast, a Visual Studio
+ JAWS user would hear “m left bracket three right
bracket equals fourteen semicolon.”
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Figure 1. Snapshot of SOD interface while performing
“replace values” comprehension and debugging task

The second method the user could employ would be
(a) to execute the loop three times by repeatedly press-
ing the F9 key to forward execute each line of code, and
then (b) to count the number of times the assignment
statement that replaces array values (line 13 in Figure 1)
is executed. To illustrate how this would be done, let us
assume that the user is positioned at the while state-
ment highlighted in Figure 1. From there, the user
would need to press F9 four times in order to navigate
through one complete loop iteration.

On the first F9 press, the user would hear “loop it-
eration one” (line 11). On the second F9 press, the user
would hear “one nested if true” (line 12). This cue con-
veys two pieces of information: (a) that the i f statement
is nested inside the while loop, and (b) that the if
statement evaluated to true, since the value at v[0] is,
in fact, less than or equal to 25 (as can be seen in the
Locals Window). By pressing the F9 key a third time,
the user would hear the cue “set array v sub 0 to 0~
(line 13), indicating that an array element had been as-
signed a value. An alert user would also recognize this
statement as a bug, since the value of & will not always
be 0, as required; however, we will not get into the de-
tails of fixing the bug in this example.

Hitting F9 a fourth time, the user would hear the
loop increment statement on line 15: “set variable k to
one.” Finally, on the fifth press of F9, the user would
begin the second iteration of the loop (“loop iteration
two”), at which point the entire process would start
over.

Contrast the above set of auditory cues to those gen-
erated by Visual Studio + JAWS. Each time F9 is
pressed, the Visual Studio + JAWS user would hear
“F9.” In order to hear information regarding the line
that was navigated to, the user would have to press the



up arrow key followed by the down arrow key. For ex-
ample, if the user pressed F9 to execute the if state-
ment on line 12, and then hit the up and down arrow
keys, the user would hear the cue “graphic 53 if left
paren v left bracket k right bracket less than equals
twenty five right paren left brace.”

What does “graphic 53” mean in the preceding
auditory cue? It turns out that when Visual Studio +
JAWS reads the line that is about to be executed, it lit-
erally translates the execution arrow as “graphic 53.”
In contrast, when a user navigates to the line that is
about to be executed in SOD, the user hears “cursor at
the execution line” followed by a semantic depiction of
the line itself (e.g., “if true”).

A third method for answering the question “How
many items have been replaced after the third iteration
of the loop?” is identical to the second method just de-
scribed, except that the user would use the Locals Win-
dow (bottom of Figure 1) to inspect the contents of the
array after completing three loop iterations, rather than
keeping track of the number of times that the set state-
ment on line 13 executes.

In both the SOD and Visual Studio + JAWS inter-
faces, the user can navigate to the Locals Window by
pressing ALT + F3, at which point both SOD and Vis-
ual Studio + JAWS say “locals.” Once in the Locals
Window, users of both interfaces can navigate from
variable to variable using the up and down arrows.
When a variable is visited, the variable name, value, and
type are read in sequence. For example, suppose the
user hits the down arrow to visit variable r (second
from the bottom in Locals Window of Figure 1). In both
interfaces, the user would hear “7 zero integer.”

The auditory cues for array variables differ slightly
between SOD and Visual Studio + JAWS. To illustrate,
suppose that the user navigates to the array variable v
(top-most variable in Locals Window of Figure 1). In
both interfaces, the user would hear the following: “v
Zero X zero zero one zero zero zero nine five nine zero
integer” (the long sequence in the middle is the memory
address of the array). In order to see the individual array
values of v, the user would need to open the array by
hitting the right arrow key. When the user does this in
the SOD interface, the user hears “opening array v”. In
contrast, hitting the right arrow key to open an array in
Visual Studio + JAWS does not generate an auditory
cue. Once the array is opened, the user can navigate to
individual array values with the up and down arrows.
The auditory cues produced for array values are identi-
cal to those produced for regular variables, with one
notable exception: SOD says an array variable using
“sub” language (e.g., “v sub zero”), whereas Visual
Studio + JAWS says an array variable by speaking it
literally (e.g., “v left bracket zero right bracket”).

3.2 Building SOD from the Ground up

The example just presented highlights several nota-
ble differences between the auditory cues produced by
SOD and the state-of-the-art auditory cues produced by
Visual Studio + JAWS. These differences are no acci-
dent. Rather, they are the result of a user-centered design
process [1] that has focused on designing and testing
highly comprehensible auditory cues independently of a
visual execution environment.

This process has included numerous formative and
summative empirical studies involving sighted proxies.
In these studies, a fundamental challenge has been to
measure the comprehension of auditory cues. To address
this challenge, we have developed artifact encoding, a
free-form writing and coding paradigm that allows us to
gauge how well a participant interprets a given auditory
cue within the context of a computer program.

While the details of our artifact encoding paradigm
are beyond the scope of this paper (see [17]), the basic
idea is to give participants a sequence of auditory cues
that represent a computer program, and then to ask them
to write down what they thought the cues meant. Using
techniques taken from the bioinformatics literature on
DNA sequence matching [18], we can automatically
grade and statistically analyze participants’ answers to
provide a detailed assessment of their comprehension.

Artifact encoding is the basis of our “ground up” ap-
proach to building SOD’s auditory cues. We have been
iteratively refining our behavioral runtime cues (the
ones generated when F9 is pressed) for over a year, and
have recently completed a large scale, formal evaluation
of those cues [17]. However, SOD’s editing cues (the
ones generated when the arrow keys are pressed) are in
the early stages of design, and have not yet been empiri-
cally validated through artifact encoding studies.

4. Experimental Evaluation

In order to evaluate the effectiveness of the SOD en-
vironment, we conducted an experimental study with
the following hypothesis:

H1: In program comprehension and debugging tasks,
SOD’s auditory cues will promote significantly
faster and more accurate performance than the
auditory cues generated by Visual Studio +
JAWS, however, a visual environment will pro-
mote significantly more efficient performance
than both SOD and Visual Studio + JAWS.

To test this hypothesis, we conducted a within-
subjects experiment with three conditions defined by
task environment:



1. SOD: An audio-only version of the environment
presented in the previous section embedded with the
SOD auditory cues;

2. JAWS: An audio-only version of the environment
presented in the previous section embedded with the
auditory cues produced by JAWS® 9 in Visual Stu-
dio® 2005 (the current state-of-the-art); and

3. Visual: The visual environment presented in the
previous section with no auditory cues. This can be
considered the “gold standard” that establishes an
upper bound on human performance.

Comprehension and debugging outcomes were as-
sessed according to three dependent measures: (a) accu-
racy on six comprehension questions; (b) ability to lo-
cate, describe, and explain how to fix two bugs; and (c)
time to complete the comprehension questions and de-
bugging task.

4.1 Participants

We recruited 19 students (13 male, 6 female; mean
age 22.9) out of the Spring, 2008 offering of CptS
443/580, the undergraduate/graduate human computer
interaction course at Washington State University. Par-
ticipants were either juniors, seniors, or graduate stu-
dents, and reported a mean of 5.47 years of prior pro-
gramming experience. One participant, despite being
told otherwise, thought aloud, which is known to be a
confound for experiments involving audio interfaces
[19]. Another participant failed to complete the tasks,
and was a significant outlier. These two participants
were removed from the statistical analysis.

4.2 Materials and Tasks

All participants worked on a computer running the
Windows XP operating system. While the machine was
equipped with a mouse and keyboard, participants were
allowed to use only the keyboard. In the Visual condi-
tion, a 19” LCD color display was set to a resolution of
1024 x 768. In the audio conditions, the Microsoft Mary
voice was used in the text-to-speech speech engine.

Prior to working on the tasks in each condition, par-
ticipants completed an informationally-equivalent train-
ing task that introduced them to the environment version
they would be using by having them navigate the code
structure, run the debugger, and use the local variable
window, either with visual or auditory feedback.

Participants worked with three different program
execution and debugging environments defined by con-
dition: SOD, JAWS, and Visual. All three of these envi-
ronments were identical with respect to the input com-
mands they supported. They differed only with respect
to the output they used to communicate with the user:

the SOD environment used our own experimental cues;
the JAWS environment used the cues generated by
JAWS® 9 in Visual Studio® 2005; and the Visual envi-
ronment presented the visual interface depicted in
Figure 1, but had no auditory cues.

In each condition, participants worked with one of
three isomorphic algorithms: Find Max (locates the
largest element in an array), Replace (replaces values
smaller than 25 with 0), and Count (sums the number of
array values larger than 50). The task in each condition
was two-fold: (a) answer six comprehension questions
related to the run-time behavior of the algorithm (e.g.,
“How many times does the loop execute?); and (b) lo-
cate, describe, and explain how to correct two bugs
seeded in the algorithm. Participants were provided with
a work booklet containing instructions for all tasks, and
spaces to enter their answers to comprehension and de-
bugging questions.

We used Morae® Recorder to make lossless re-
cordings of participants’ computer screens (which the
participants themselves could not see in the SOD and
JAWS conditions). An overhead camera, focused on
participants’ work booklets, captured their work in a
smaller inset image. These recordings allowed us to
accurately gauge participants’ time on task.

4.3 Procedure

In order to guard against task order effects and any
possible asymmetries between the tasks, we counterbal-
anced the task and treatment orders using a standard
Latin-square design. This gave nine possible orderings:
three different task orderings crossed with three differ-
ent treatment orderings. Thus, roughly two study par-
ticipants performed each of the nine possible task-
treatment orderings.

We ran participants through the experiment indi-
vidually over the course of a ten day period. In each
study session, which lasted roughly 90 minutes, partici-
pants began by filling out an informed consent form.
Next, they were read a general description of what they
would be doing in the study. Before performing tasks
within a given treatment, participants completed a 10
min. training task for that treatment. Participants were
then instructed to complete the tasks in a given treat-
ment as quickly as possible, without sacrificing accu-
racy, with the stipulation that all of the tasks in a given
treatment had to be completed within 20 minutes. After
20 minutes, or whenever they finished, participants
moved on to the tasks in the next treatment. After finish-
ing the tasks in all three treatments, participants were
given 10 min. to fill out an exit questionnaire.



4.4 Results

Before analyzing our data, we first verified that there
were no order or task effects. An analysis of variance
(ANOVA) found no significant differences in (a) time
for the total order, F(7,43) = .927, p = .495; (b) per-
formance in the three tasks (Find Max, Count, Replace)
F(2,48) = .345, p = .710; and performance with respect
to task sequence, F(2,48) = .026, p = .974. We con-
ducted the same analysis on the comprehension accu-
racy and debugging accuracy metrics, but similarly
found non-significant order and task effects. We thus
concluded that our tasks were reasonably isomorphic
and that our Latin square successfully removed order
effects from our design. In addition, using normal prob-
ability plots, we confirmed that our accuracy and time-
on-task data were normally distributed.

Figure 2 and Figure 3 plot time on task, comprehen-
sion accuracy, and debugging accuracy by condition.
Not surprisingly, these figures indicate that participants
in the Visual condition promoted better performance
than the other two conditions with respect to all three
dependent measures. Moreover, the SOD condition ap-
pears to have promoted better performance than the
JAWS condition in all three measures.

To determine if any of these differences was statisti-
cally significant, we employed a univariate ANOVA.
With respect to time on task, we found that the overall
model was significant, F(2,48) = 15.925, p < .001 (par-
tial eta-squared = .399). Post hoc Tukey tests revealed
that the difference between the Visual group (M =
452.1 sec., SD = 216.6 sec.) and the JAWS group (M =
896.2 sec., SD = 244.3 sec.) was significant, p < 0.001,
and that the difference between the JAWS group and the
SOD group (M = 601.4 sec, SD = 238.8 sec) was sig-
nificant, p = 0.002. However, the difference between the
Visual group and the SOD group was not significant, p
=.160).

With respect to comprehension accuracy, the
ANOVA model was also significant, F(2,48) = 4.538, p
=.016 (partial eta-squared = .159). Post hoc Tukey tests
revealed that the difference between the Visual group
(M =4.94 out of 6, SD = 1.09) and the JAWS group (M
= 3.47, SD = 1.87), was significant, p = .013. However,
the difference between JAWS and SOD (M = 4.47, SD
= 1.28) was not significant, p = .122, nor was the differ-
ence between the Visual and SOD groups, p = .615.

With respect to debugging accuracy, the overall
ANOVA model was non-significant, F(2,48) = 1.606, p
=211 (partial eta-squared = .063).

Finally, we wanted to see if participants’ subjective
opinions about each environment accorded with their
objective performances with each environment. Figure
4 plots participants’ responses to five exit questionnaire
questions designed to elicit participants’ subjective
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We used a MANOVA to test for significant differ-
ences in participants’ questionnaire responses. Using
Wilks’ Lambda, we found the entire model was signifi-
cant, F(10, 88) = 12.801, p <.001 (partial eta-squared =
.593). According to post-hoc Tukey tests, participants
found that the SOD environment’s auditory cues, as
compared to the JAWS environment’s auditory cues, (a)
made the task less difficult (p <.001), (b) made it easier
to find bugs (p < .001), (c) made it easier to answer
comprehension questions (p < .001), (d) were more
intuitive (p < .001), and (e) gave more useful informa-
tion (p < .001). While the same differences were found
between the Visual and JAWS environments, differ-
ences between the Visual and SOD environments were
less pronounced. In particular, while participants found
that tasks with the Visual environment were easier than
with SOD (p = 0.038), the Visual and SOD environ-
ments did not differ significantly with respect to any of
the other questions.

4.5 Discussion

Our results provide strong empirical support for our
hypothesis that the SOD auditory cues promote signifi-
cantly faster performance than the JAWS auditory cues.
Indeed, the JAWS group took 4.9 min longer to com-
plete the comprehension and debugging tasks than the
SOD group—a difference that is both statistically and
practically significant.

We also predicted that the Visual environment
would be a “gold standard,” promoting significantly
faster task performance than either of the two audio
environments. We found a significant difference be-
tween the Visual and JAWS environments, with the
JAWS group taking 98.3 percent longer to complete
tasks; however, the 33 percent difference in task speed
between the Visual and SOD environments was not
found to be statistically reliable—although we suspect
that it would become so if we ran more participants
through the study.

With respect to comprehension and debugging task
performance, we found only one statistically significant
difference between the Visual and JAWS groups. Espe-
cially in the debugging task, we suspect that the lack of
differences had to do with a ceiling effect: There were
only two bugs to find within algorithms totaling fewer
than 20 lines each, and most participants succeeded in
finding the bugs.

Why was it the case that our main hypothesis—that
the SOD auditory cues hold a significant advantage over
the JAWS auditory cues—was substantiated? We can
offer two primary theoretical explanations semantic
priming and temporal masking.

Semantic priming [20] is a psychological theory that
suggests that a participant’s response to one stimulus

(e.g., an auditory cue) can alter the speed at which the
participant can mentally retrieve, through a process
called spreading activation, another stimulus. Why
would semantic priming afford the SOD auditory cues
an advantage? Consider the auditory cues generated
when the participants execute a line of code (by press-
ing the F9 key). In the JAWS environment, the auditory
cue is “F9,” which has no meaning in the context of the
executing program. In contrast, in the SOD environ-
ment, the auditory cue provides information relevant to
context, such as “if true.” This information may prime
the participant’s mental model of both the executing
program’s behavior, as well as the participant’s tempo-
ral location within that program.

In contrast, temporal masking [21] is the theory that
a sound stimulus can have an effect on the audibility of
another stimulus either before or after the original. We
suspect this phenomenon relates to the auditory cues
generated when the user is navigating the code with the
arrow keys. When auralizing a line of code, the JAWS
environment reads every character literally, including
brackets, braces, semicolons, and parentheses. It is pos-
sible that this large influx of superfluous details masks
the information most relevant to the user, such as
whether the line has a loop or conditional in it.

After reviewing our recordings of the experimental
sessions, we find this explanation based on temporal
masking to be especially plausible. In the JAWS ses-
sions, participants would often have to listen to the audi-
tory cue for each line multiple times. In contrast, in ses-
sions with the SOD environment, which removed these
extra characters and made them available only by press-
ing the left and right arrows, we noticed that participants
rarely had to listen to the same line multiple times.

5. Summary and Future Work

While a large body of research has explored the de-
sign of visual representations to aid in computer pro-
gramming tasks, relatively little research has explored
the design of auditory representations to assist non-
sighted programmers. Rather than retrofitting existing
visual environments with screen readers, we have ar-
gued that a superior design strategy is to build auditory
representations “from the ground up”—that is, through a
user-centered design process that iteratively tests audi-
tory cues independently of existing visual environments.
We have presented SOD, an auditory program execution
and debugging environment that evolved out of such a
process, and we have furnished empirical evidence that
it promotes significantly more efficient human perform-
ance in comprehension and debugging tasks than
JAWS® 9 coupled with Microsoft® Visual Studio
2005—the current state-of-the-art program execution
and debugging environment for the non-sighted.



In future work, we would like to explore two differ-
ent directions. First, at present, only SOD’s behavioral
runtime cues, which provide information about what an
executing computer program just did, have undergone
substantial iterative design and testing. In future re-
search, we would like to subject a broader range of
SOD’s auditory cues to iterative design and empirical
testing—most importantly, cues for source editing and
browsing the Locals Window.

Second, a clear limitation of the present SOD envi-
ronment is that it supports only single-procedure algo-
rithms. In future work, we would like to expand the
SOD environment so that it supports large numbers of
source files containing multiple, complex methods.
Only then will we be able to explore program naviga-
tion techniques and auditory cues that truly support the
authentic programming-in-the-large practices in which
the blind programming community engages.
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