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ABSTRACT

Although auditory displays are effective for the representation of
patterns in data, they are generally thought to be less effective
for the communication of absolute values [1, 2]. Nonetheless,
there are times when it is desirable to represent absolute values
with sound. Two experiments were conducted to investigate the
limits of representing absolute values with sound and to
compare several ways of representing the values.

Temporal representations of data led to better performance
than the representation with pitch or the redundant use of
temporal and pitch representations. We introduce the term
“Mappable Difference” to refer to the smallest difference in a
dimension that can be consistently mapped to a numeric value.
Knowing the “Mappable Difference” in an auditory dimension
can potentially aid display designers in determining the number
of absolute values that can be represented by sound.

1. INTRODUCTION

It has been well established that sound can be an effective way
to represent patterns in data [1, 3-6]. However, the consensus is
that sound is less suitable for the representation of absolute
values. Nonetheless, there are times when it is desirable to
represent absolute values with sound. For example, an observer
may wish to not only know how Y is changing as a function of
X, but also whether Y has reached a critical value.

One of the goals of this research was to gather initial data on
the limits of representing absolute values with sound.
Specifically we were interested in determining the smallest size
difference on a dimension such as pitch that can be accurately
mapped to a difference on a numeric scale. This information can
guide a designer of auditory displays on, among other things, the
number of distinct values they should represent with a given
sound dimension.

The second purpose of the current experiments was to test
whether redundant dimensions would be better than a single
dimension in a simple task in which observers are to map sounds
to absolute values. The development of a good representation of
data with auditory displays  requires that one choose not only
the type of transformation between the visual and auditory
information, but also the auditory dimension to use. In general,
studies in sonification have used pitch and timbre combined
with some temporal aspects of the sounds (usually tempo) to
represent data. Usually only one dimension is used to represent

the relevant information. However, there is good reason to
believe that using two sound dimensions together in a redundant
way could enhance performance compared to using the
dimensions individually [7]. Finally, we were interested in
whether people with more musical training perform better that
those with less musical training, and whether the same results
would be found for different representations.

2. EXPERIMENT 1

2.1. Method

A between-subjects design consisting of three methods of
representing values was used. Values were represented either by
pitch, by temporal intervals, or the redundant combination of the
two. Forty-eight undergraduate students with normal hearing
participated in the experiment for course credit.
http://psych.rice.edu/sonification/ICAD2003_AS/experiment1/

2.1.1. Task and Procedure

On each trial subjects were presented with a sequence of three
tones representing a value from 1 to 50 and asked to indicate the
value by clicking on a visually-presented axis. In the pitch
condition, the middle tone represented the value with the first
and last tones representing the end points of the scale. A unit
was represented by the pitch difference between two consecutive
musical tones from the equal tempered musical scale. The
frequencies of the sounds were c2 (65.41 Hz) to d#6 (1244.51
Hz) using a sampled grand piano sound. The duration of the
sequences was approximately 3.5 seconds, and the length of
each tone was 0.25 seconds with a pause of 0.25 seconds
between the tones.

In the temporal condition, the tones were played with the
same pitch (c4 or 261.63 Hz) and the values were represented by
the temporal difference between two tones. Higher values were
played with a longer pause after the minimum value than lower
values. Each unit on the scale was represented by 0.0625
seconds. The individual tones had the same duration of 0.25
seconds as in the pitch condition.

In the redundant condition, the values were represented
both by the pitch and the timing of the sounds.

http://psych.rice.edu/sonification/ICAD2003_AS/experiment1/
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Subjects received instructions on a web page. There was a
total of 50 sounds presented twice in random order so that each
subject performed 100 trials. For each trial, subjects listened to
the target sound and their task was to indicate the value that the
second tone represented on the axis by clicking on one tick
mark. After the choice was made, a feedback axis was displayed
for 0.5 seconds under the original axis with the correct choice
marked on it. Before performing the task, subjects filled out a
form asking them how much musical training they had had.

The experiment was run on Apple Macintosh computers in
the Sonification Lab at Rice University, and the sounds were
presented trough headphones.

2.2. Results

For each subject the first 10 trials were considered training and
were excluded from the analysis. Subjects for whom the
correlation between the sonified values and their choices was
more than three standard deviations below or above the overall
mean (mean and standard deviation calculated without these
values) were considered outliers. Five subjects were removed
from the analysis: one from the frequency condition, one from
the redundant condition, and three from the temporal condition.

2.2.1. Correlations

Mean correlations between the sonified values and subjects’
choices are shown in Table 1. Because the sampling distribution
of Pearson's correlation is not normal, the correlations were
transformed to Fisher's z' scores for use in significance tests. An
analysis of variance revealed a significant effect of condition,
F(2,40) = 14.78, p < 0.001.

Table 1. Summary for the three groups

Condition N Mean
Fisher's z'

Mean
correlation (SD)

Pitch 15 1.51 0.89 (0.05)
Redundant 15 1.70 0.92 (0.03)
Temporal 13 2.12 0.96 (0.02)

The Tukey’s HSD test found the mean correlation for the
temporal condition to be significantly higher than both pitch (p
< 0.001) and the redundant conditions (p < 0.001). However, the
difference between the redundant and pitch conditions was not
significant (p = 0.20).

2.2.2. Absolute Differences

The mean absolute value of the differences between the choices
and the sonified values was computed for each subject for each
condition (see Table 2). Consistent with the findings using
correlations as the dependent variable, the pitch condition had
the highest mean absolute difference and the temporal condition
the lowest (note. higher values reflect worse performance than
lower values).

Table 2. Summary for the absolute
differences by condition
Condition N Median Mean (SD)
Pitch 15 4.66 4.83 (1.05)
Redundant 15 3.94 3.97 (1.03)
Temporal 13 2.51 2.82 (0.88)

There was a significant effect of condition, F(2,40) = 14.13,
p < 0.001. Again, Tukey’s HSD test found a significant
difference between the temporal and both pitch (p < 0.001) and
redundant conditions (p = 0.011), but not between the pitch and
redundant conditions (p = 0.059).

2.2.3. Accuracy

To explore subjects’ accuracy in more detail, the proportion of
trials having a mean absolute difference lower than a specific
accuracy criterion were calculated for each condition. The
criteria ranged from 0 to 9 (absolute difference of zero, absolute
difference less or equal with one and so on). When the strictest
criterion of zero was used the subject’s response had to be
exactly correct. Using this criterion, the proportions correct in
the pitch, redundant, and temporal conditions were 0.09, 0.14
and 0.18 respectively. The proportion correct increased more
rapidly for the temporal condition than for the two other
conditions. Using a criterion for correctness of 6, the proportions
correct in the pitch, redundant, and temporal conditions were
0.74, 0.80, and 0.91 respectively.

Table 3 shows the level of the correctness criterion required
in order to achieve various proportions correct.

Table 3. Accuracy for specific proportions for the
three conditions

Mappable Difference
Proportion Pitch Redundant Temporal

0.1 0.0 0.0 0.0
0.2 0.8 0.3 0.1
0.3 1.5 0.8 0.5
0.4 2.2 1.5 0.9
0.5 3.0 2.2 1.4
0.6 4.0 3.1 2.0
0.7 5.5 4.3 2.9
0.8 7.0 6.0 4.2
0.9 10.0 9.0 5.8

For example, in the temporal condition, one must use a
criterion of at least 2.0 to be correct at least 0.6 of the time. To
be correct at least 0.9 of the time one must relax the criterion to
5.8. We call the correctness criterion needed to achieve a certain
level of accuracy the “Mappable Difference” (MD). There is a
direct relationship between MD and the number of values that
can be distinguished accurately. Recalling that we used a 50-
point scale, the number of values that can be distinguished
accurately is equal to 50/(2MD). Thus, since the MD for 0.9
accuracy is 5.8, 4.3 distinct values can be mapped with an
accuracy of 0.9 with the temporal mapping used in this
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experiment. However, if we use representation by pitch, with the
same level of accuracy we could represent only 2.5 values.

3. EXPERIMENT 2

Experiment 1 found that subjects performed better in the
temporal condition than in the redundant condition. Experiment
2 was designed to investigate in more detail the basis of
responses in the redundant condition. Among the many
possibilities are (a) subjects base their responses on only one
dimension, with some subjects using one dimension and other
subjects using the other dimension, (b) subjects base their
response on one dimension, but this dimension changes from
trial to trial, and (c) subjects base their response on information
from both dimensions.

3.1. Method

Seventy-five subjects with normal hearing participated in the
experiment either for payment or for course credit.
http://psych.rice.edu/sonification/ICAD2003_AS/experiment2/

3.1.2. Stimuli and Procedure

The method of representing the values (pitch, timing and
redundant) was used as a within-subjects variable. In the first
part of the experiment, there was a total of 210 trials. The trials
were grouped in blocks of 10, with the order of the conditions
randomized based on the Latin Square design. The stimuli were
the same as in the first experiment with the difference that in this
experiment only 10 values of the axis were used: 3, 8, 13, 18,
23, 28, 33, 38, 43, and 48.

The second part of the experiment used sounds only from
the redundant condition intermixed with “conflicting” sounds
(40 conflicting sounds out of 100 trials). The subjects did not
receive any feedback during any of these trials. The
“conflicting” sounds used both dimensions, so they were
apparently similar to the sounds in the redundant condition.
However, for these sounds the pitch and the timing coded
different values of the axis. For example, if pitch coded the
value 13 then timing represented the value 23 on the axis, thus
conveying conflicting information.

Four sounds were designed based on four values 13 and 23,
18 and 28: pitch coding 13 - timing 23 (P13-T23), pitch 23 -
timing 13 (P23-T13), pitch 18 - timing 28 (P18-T28), and pitch
28 - timing 18 (P28-T18). Similarly to Experiment 1, the
subjects listened to the target sound by clicking a button on the
screen. Their task was to indicate the value that the sound
represented on a visually presented axis of 51 units.

3.2. Results

The order of the sound conditions had no effect, so the data were
collapsed across this variable. The first 30 trials (ten for each
condition) and data from two subjects were removed from the
analysis based on the same criterion as in Experiment 1.

3.2.1. Part 1. Absolute Differences

The absolute values of the differences between the choices and
the original values were computed for each subject and the
descriptive statistics for these differences are shown in Table 4.

Table 4. Mean absolute differences for the three
conditions, standard errors in parenthesis
Group of trials N M (SE)
Pitch 73 5.22 (0.19)
Redundant 73 3.66 (0.13)
Temporal 73 3.32 (0.13)

A within-subjects analysis of variance showed a significant
effect of condition, F(2,140) = 66.18, p < 0.001. Consistent with
the findings from Experiment 1, subjects were more accurate on
the trials in the temporal condition than in either the pitch
condition, F(1,70) = 121.40, p < 0.001, or the redundant
condition, F(1,70) = 10.93, p = 0.0015.

3.2.2. Part 2. Conflicting Trials

The mean choice for the conflicting trials P13-T23 and P23-T13
were close to 18, the midpoint of the two values coded by pitch
and timing. Similarly the mean for P18-T28 was 24.40, which is
close to being halfway between 18 and 28. However, for P28-
T18 the mean choice of 26.69 was much closer to the value
coded by pitch than to the value coded by timing. The finding of
choices intermediate between the two values indicates that both
dimensions were used.

To investigate whether subjects were influenced by both
dimensions on the same trial, we re-coded the choices based on
how close they were to the value conveyed by pitch, timing or to
the middle. That is, for sound P13-T23 if a subject chose a value
less than 15, the subject was judged to have used pitch for that
specific trial; if the choice was between 15 and 20 was judged to
have used both dimensions; and if it was larger then 20, the
subject was judged to have used timing in the task. The
dependent variable calculated for analysis was the proportion of
trials on which a subject was judged to have used both
dimensions. For comparison purposes, this variable was also
computed for the single dimension trials by pooling the data
from the Pitch 13 and Timing 23 responses. The same variable
was computed for other stimulus pairs in like manner. Higher
scores on this variable on the conflict trials than on the
combined data from the single dimension trials are indicative of
using a different strategy on the conflicting trials, that is, using
both dimensions rather than only one on at least some of the
trials.

Although the mean proportion of using both dimensions was
generally higher on the conflicting trials than on the pooled
trials, the difference was significant only for the sound P23-T13,
t(35) = 3.59, p < 0.001). For the other three conflicting sounds
subjects used predominantly one of the dimensions. This is also
revealed by the flatness and slight bimodality of the distribution
of choices.

http://psych.rice.edu/sonification/ICAD2003_AS/experiment2/
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3.2.3. Musical Training

Based on sample size considerations, the subjects were
categorized into three groups: (1) those with no musical training,
N = 32; (2) those with one to three years of musical training, N
= 20, and (3) those with more than three years of musical
training, N = 21. There was a significant effect of musical
training, F(2,70) = 8.95, p < 0.001. The Tukey’s HSD test (using
the 0.01 level) revealed that the group with more than three
years of musical training did significantly better on the task than
the other two groups for all three conditions with the exception
of the temporal condition for which the difference was
significant only between the group with more than three years of
musical training and those without any musical training.

4. DISCUSSION

We investigated the limits of representing absolute values with
sounds. The levels of accuracy as determined by Experiment 1
can give guidelines depending on the details to be converted to
auditory information. The approach taken in identifying the
mappable difference in pitch, timing, and the redundant
representation for one numerical value could be applied to more
complex auditory displays as well. Knowing the average
accuracy of identifying absolute values based on sounds, sound
displays could be designed with a given accuracy range for a
large population, and as a result information could be presented
with a lower error rate.

The task used in these experiments is simple compared to
real sonification applications and involves mapping sounds to
visual displays. Naturally, further research is needed to test the
generalizability of these findings. Moreover, because reference
sounds were always provided, subjects could have been judging
intervals rather than absolute values.

In both experiments subjects were more accurate on the
temporal condition than either the redundant or pitch conditions.
The redundant representation was worse than the temporal
representation, but better than mapping by pitch.

The results from the conflicting trials in Experiment 2
suggest that subjects use mainly one dimension to indicate the
value represented by the sound, but the other dimension
influences them as well. This suggests that the pitch and
temporal aspects of sounds are separable dimensions [8]. It is
plausible that if the two dimensions used in a redundant way
were Garner integral the redundant usage of the two dimensions
might lead to redundancy gain not only in a classic Garner
sorting task but in a mapping task as well. Two dimensions are
Garner integral if selective attention is not possible, and there is
facilitation in correlated-dimension tasks; whereas two
dimensions are Garner separable if selective attention is
possible, and there is no facilitation in correlated dimension
tasks [9]. There is no research yet investigating the effects of
Garner integrality in sonification. Therefore, in future
experiments we plan to look at how two dimensions, namely
pitch and duration, relate to each other in a classic Garner
sorting task. In addition, we will also examine the relation
between these two dimensions using the same paradigm as in the

presented experiments, that is, representing numerical values
with pitch and duration as single dimensions and also in a
redundant fashion.

In Experiment 2 we found that subjects who had more than
three years of musical training did better on the pitch and
redundant trials than those with three or less years of musical
training. The relation between musical training and temporal
representation was weaker than for the other two conditions
suggesting that this representation might be more suitable for
wider populations with and without musical training considering
also that it led to the highest performance among all three
conditions.
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