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ABSTRACT
Sonification is a commonly used technique to make online data
visualizations accessible to screen-reader users through auditory
means.While current sonification solutions provide plausible utility
(usefulness) to screen-reader users in exploring data visualizations,
they are limited in exploring the quality (usability) of the soni-
fied responses. In this preliminary exploration, we investigated the
usability and user-friendliness of data visualization sonification
for screen-reader users. Specifically, we evaluated the Pleasantness,
Clarity, Confidence, and Overall Score of discrete and continuous
sonified responses generated using various oscillator waveforms
and synthesizers through user studies with 10 screen-reader users.
Additionally, we examined these factors using both simple and com-
plex trends. Our results show that screen-reader users preferred
distinct non-continuous responses generated using oscillators with
square waveforms. We utilized our findings to extend the function-
ality of Sonifier—an open-source JavaScript library that enables
developers to sonify online data visualizations. Our follow-up inter-
views with screen-reader users identified the need to personalize
the sonified responses per their individualized preferences.
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• Human-centered computing → Empirical studies in visu-
alization; Accessibility systems and tools; Empirical studies
in accessibility.

KEYWORDS
sonification, audio graphs, waveforms, visualizations, screen-reader
users

ACM Reference Format:
Ather Sharif, Olivia H. Wang, and Alida T. Muongchan. 2022. “What Makes
Sonification User-Friendly?” Exploring Usability and User-Friendliness of
Sonified Responses. In The 24th International ACM SIGACCESS Conference on
Computers and Accessibility (ASSETS ’22), October 23–26, 2022, Athens, Greece.
ACM, New York, NY, USA, 5 pages. https://doi.org/10.1145/3517428.3550360

∗These authors contributed equally to this work.

Permission to make digital or hard copies of part or all of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for third-party components of this work must be honored.
For all other uses, contact the owner/author(s).
ASSETS ’22, October 23–26, 2022, Athens, Greece
© 2022 Copyright held by the owner/author(s).
ACM ISBN 978-1-4503-9258-7/22/10.
https://doi.org/10.1145/3517428.3550360

1 INTRODUCTION
With the increasing data representation through visualizations
comes the critical need to make these visualizations accessible to
people who may not be able to extract information using visual
means (e.g., screen-reader users) [6, 16, 18, 21]. According to recent
findings from Sharif et al., due to the inaccessibility of visualiza-
tions, screen-reader users extract information 62% less accurately
and spend 211% more interaction time with online data visualiza-
tions compared to non-screen-reader users [21]. Researchers and
developers have implemented several approaches and strategies
to make online data visualizations accessible [8, 10, 15, 22, 24, 25].
Among these techniques is sonification, often referred to as “au-
dio graphs,” a widely-used approach in conveying data through
auditory channels to screen-reader users.

Several prior works have utilized sonification to improve the ac-
cessibility of online data visualizations [2, 3, 7, 13, 14, 19, 24, 26, 29].
However, current solutions are focused on the utility (usefulness)
of sonification to screen-reader users and provide limited insights
into the quality (usability and user-friendliness) of the sonified re-
sponses. Therefore, in this work, we sought to examine and improve
the usability and user-friendliness of sonified responses generated
from online data visualizations created using JavaScript libraries
(e.g., D3 [4]). Prior research has explored the “pleasantness” of soni-
fied responses [1, 9, 20]. However, the most relevant research to
our work is the recent exploration by Wang et al. [27], in which
they examined the impact of various auditory channels (e.g., pitch,
volume) on users’ perception of data and visualization. We build on
their work by investigating the effects of different oscillator wave-
forms and synthesizers on the pleasantness and users’ confidence
in interpreting simple and complex sonified responses.

To perform our investigation, we developed several sonification
prototypes using the Tone.js library [17], incorporating different
configurations for Sound Types (oscillator waveforms and synthe-
sizers), Continuity Levels (interval for sounds between data points),
and Trend Types (simple and complex). We finalized six prototypes
through Wizard-of-Oz [5, 12] and pilot studies with users, employ-
ing a user-centered iterative design process. We evaluated these
prototypes by collecting subjective ratings for Pleasantness, Clarity,
Confidence, and Overall Score through user studies with 10 screen-
reader users. We utilized our findings to extend the functionalities
of Sonifier—a recently-introduced open-source JavaScript library
that generates sonified responses for two-dimensional single-series
data [23, 24]. Additionally, we conducted follow-up interviews with
our participants to solicit feedback on improving their experiences
with sonified responses.
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Figure 1: Average scores per Continuity Level and Trend Type for each Sound Type for (a) Pleasantness, (b) Clarity, (c) Confi-
dence, and (d)Overall Scores. Baseline was a sawtoothwaveformOmniOscillator, Prototype 1was a square waveformOmniOscil-
lator, and Prototype 2 was a square waveform MonoSynthesizer. Subjective ratings were collected using a Likert scale ranging
from 1 (worst) to 7 (best).

In this work, we contribute the empirical findings from our
preliminary explorations. Specifically, we provide the quantitative
and qualitative results from our user studies with 10 screen-reader
users. Additionally, we provide enhancements to the open-source
Sonifier library and identify avenues for future work.

2 USER STUDY
To assess the usability and user-friendliness of sonified responses,
we conducted a user study with 10 screen-reader users, subse-
quently interviewing them to gather insights on further improving
the sonified responses.

2.1 Prototypes
We created several sonification prototypes employing different
combinations for oscillator waveforms, synthesizers, and partial
counts (number of harmonics to generate the waveform). We de-
veloped these prototypes using the Tone.js JavaScript library
[17]—a widely-used framework to generate sounds in the browser.
Then, we eliminated the prototypes that users found undesirable
through Wizard-of-Oz [5, 12] and pilot studies. After elimination,
our sound types comprised an oscillator (termed “OmniOscilla-
tor” by Tone.js) and a synthesizer (termed “MonoSynthesizer”
by Tone.js), with both using the square waveform and a partial

count of 8. We created a continuous (minimal time interval be-
tween sounds for each data point) and discrete (clear time interval
between sounds for each data point) prototype for each sound type.
We used the default settings from the Sonifier library as our base-
line measure. Since the baseline only supports discrete responses,
we developed our fifth prototype that generated a continuous re-
sponse for the baseline to account for balanced conditions. Our
final set contained 12 prototypes (including the baseline), six for
each Trend Type (simple and complex).

2.2 Participants & Procedure
Our participants were 10 screen-reader users (Appendix A, Table
1). Four identified as women, five as men, and one as non-binary.
Their average age was 48.4 (SD=14.4) years. We compensated our
participants with a $10 Amazon gift card for 30 minutes of their
time. We supervised our user studies online using Zoom.

For each participant, we played six sonified responses (five pro-
totypes + baseline) for simple trends, randomizing the order to
account for learning effect. At the end of each sonification, we
collected their subjective ratings for Pleasantness (timbre), Clarity
(assessment of the sound to identify the trend clearly), Confidence
(user’s confidence in understanding the overall trend), and Overall
Score (subjective assessment of the sound overall, including any
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factors not mentioned above). We used a Likert scale for subjec-
tive ratings, ranging from 1 (worst) to 7 (best). Then, we asked
follow-up questions from our users to gather insights on the areas
of improvement. We followed the same steps for complex trends.
Our study sessions, on average, took approximately 30 minutes
from start to finish.

2.3 Design & Analysis
The experiment was a 3×2×2 within-subjects design with the fol-
lowing factors and levels:

• Sound Type (S): {Baseline, OmniOscillator, MonoSynthesizer}
• Continuity Level (C): {discrete, continuous}
• Trend Type (T): {simple, complex}

We used Pleasantness (PL), Clarity (CL), Confidence (CF), and
Overall Score (OS) as our dependent variables. In our analysis, all
our dependent variables were ordinal (on a scale of 1-7). Therefore,
we conducted our analysis using an ordinal logistic regression
[11, 28]. We also included Subjectr as a random factor to account
for repeated measures. We tested our participants over 3×2×2=12
conditions, resulting in 12×10=120 total trials.

2.4 Results
We present the results of our user studies assessing Pleasantness
(PL), Clarity (CL), Confidence (CF), and Overall Score (OS) of soni-
fied responses. Additionally, we present our findings on areas of
improvement for sonified responses from our follow-up interviews.

2.4.1 Pleasantness (PL). Our results show a significant main ef-
fect of S (χ2(2, N=10)=12.15, p<.05, Cramer’s V=.42) on PL overall,
indicating that PL was significantly different between the three S
groups. Overall, the sonified responses from OmniOscillator with
square waveform and discrete continuity level outperformed the
other prototypes (M=4.65).C (p ≈.844) andT (p ≈.122) did not have
a significant main effect on PL. Figure 1 and Table 2 show average
PL scores for each independent variable.

2.4.2 Clarity (CL). We found a significant main effect of C (χ2(1,
N=10)=11.03, p<.001, Cramer’s V=.40) and T (χ2(1, N=10)=22.83,
p<.001, Cramer’s V=.57) on CL overall. This result indicates that
CL was significantly different between discrete and continuous
sounds and also between simple and complex trends. On average,
the Baseline had the best scores (M=5.15). S (p ≈.476) did not have
a significant main effect on CL. We show the average scores for CL
in Figure 1 and Table 2 for each independent variable.

2.4.3 Confidence (CF). C (χ2(1,N=10)=6.36,p<.05, Cramer’sV=.30)
and T (χ2(1, N=10)=42.34, p<.001, Cramer’s V=.78) had a signifi-
cant main effect on CF , indicating that CF significantly differed be-
tween simple and complex trends as well as discrete and continuous
sounds. Similar to PL, the sonified responses from OmniOscillator
with square waveform and discrete continuity level had the best
overall average scores (M=5.20). We did not find a significant effect
of S onCF (p ≈.726). The average scores forCF are shown in Figure
1 and Table 2 for each independent variable.

2.4.4 Overall Score (OS). Our results show a significant main effect
of T on OS overall (χ2(1, N=10)=7.16, p<.05, Cramer’s V=.32). This
finding indicates that OS significantly varied between the simple

and complex trends. OmniOscillator with square waveform and
discrete continuity level performed the best compared to the other
prototypes (M=4.65) on average, similar to PL and CF . We only
found a marginal effect of S (p ≈.090) and C (p ≈.098) on OS . We
display the average scores for OS in Figure 1 and Table 2 for each
independent variable.

2.5 Areas of Improvement
Our participants recognized three areas of improvement for sonifica-
tion: (1) Personalization (customizing the auditory output for factors
including speed and frequency); (2) Identification of extrema/outliers
(identifying the maximum and minimum data points); and (3)Multi-
modality (using a combination of different instrument sounds to-
gether with different frequencies to amplify the distinctions be-
tween data points). Future work can incorporate our findings to
improve the usability and user-friendliness of sonified responses
for screen-reader users.

3 SONIFIER LIBRARY ENHANCEMENTS
Sonifier is an open-source JavaScript library that generates a
sonified response from two-dimensional single-series data, recently
developed by Sharif et al. [23, 24]. Utilizing the findings from our
user studies with screen-reader users, we enhanced the Sonifier
library by (1) improving its scalability to support several sound
types; and (2) modifying its default settings to those from our best-
performing prototype.

We refactored and modularized the code to enable developers to
create sonified responses using additional sound types, including
MonoSynthesizers and Envelopes. (Currently, the Sonifier library
only supports the creation of sonification using an OmniOscillator.)
We further improve the customization for OmniOscillator by adding
more configuration options, including “sourceType” (source of the
oscillator; e.g., am), “baseType” (waveform of the oscillator; e.g.,
sawtooth), and “partialCount” (number of harmonics to generate
the waveform, ranging from 1-32).

Additionally, wemodified the default settings of the library based
on our findings. Specifically, we changed “sourceType” to am, “base-
Type” to square, and “partialCount” to 8. We made our code publicly
available at the Sonifier library’s open-source repository [23].

4 DISCUSSION & CONCLUSION
In this preliminary exploration, we investigated the usability and
user-friendliness of sonified responses for screen-reader users via
user studies. Our results show that screen-reader users preferred
distinct non-continuous sonified responses generated using oscilla-
tors with square waveforms. Additionally, our follow-up interviews
showed that our participants identified the need to personalize the
sonified responses. We utilized our findings to enhance the capa-
bilities of Sonifier [23]—an open-source library that generates
sonified responses from two-dimensional data.

While the prototype generated using an oscillator with square
waveform overall outperformed the rest of the prototypes, inter-
estingly, the Baseline (using a sawtooth waveform) had the best
average scores for Clarity. (However, Clarity did not have a sta-
tistically significant on Sound Type.) Our results identify avenues
for future work to investigate the effects of different waveforms
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on different aspects of user experiences. Additionally, our findings
revealed that our participants preferred to personalize the sonified
responses, depending on factors such as trend type and data cardi-
nality. Future work can utilize our findings to generate a central
configuration system, enabling screen-reader users to customize
the responses per their needs.

Our work identifies avenues for future research to improve the
quality of sonified responses. Specifically, our work highlights that
utilizing the knowledge from domains outside of Human-Computer
Interaction, such asMusic Theory, can improve the user experiences
for people who rely on auditory channels to extract information
from online data visualizations in a personalized manner. We hope
our work will inspire researchers to conduct an in-depth investiga-
tion of the usability and user-friendliness of sonified responses and
improve the experiences of screen-reader users with the sonifica-
tion of online data visualizations.
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A PARTICIPANT DEMOGRAPHICS

Gender Age Screen
Reader

Vision-Loss Level Diagnosis

P1 M 57 JAWS Lost vision gradually Retinitis Pigmentosa

P2 F 38 JAWS Blind since birth Leber Congenital Amaurosis

P3 F 65 JAWS Lost vision gradually Retinitis Pigmentosa

P4 F 69 Fusion Lost vision gradually, Partial vision Juvenile Macular Degeneration

P5 M 33 NVDA Blind since birth Peters Anomaly

P6 M 37 JAWS Blind since birth Leber Congenital Amaurosis

P7 F 52 JAWS Blind since birth Retinopathy

P8 M 58 JAWS Lost vision gradually Cataracts and Glaucoma

P9 M 49 JAWS Lost vision gradually Leber Congenital Amaurosis

P10 NB 26 VoiceOver Partial vision Corneal damage
Table 1: Screen-reader participants, their gender identification, age, screen reader, vision-loss level, and diagnosis. Under the
Gender column,M =Male, F = Female, and NB = Non-binary.

B SUBJECTIVE RATINGS

Average Scores

Sound Type (S) Continuous PL CL CF OS

OmniOscillator with sawtooth waveform (Baseline)
No 3.35 5.15 5.10 3.90

Yes 3.95 4.55 4.70 3.75

OmniOscillator with square waveform
No 4.65 5.05 5.20 4.65

Yes 4.30 4.50 4.85 4.05

MonoSynthesizer with square waveform
No 3.75 4.95 5.15 4.20

Yes 3.20 4.15 4.58 3.80
Table 2: Overall average scores for each sound type per continuity level. PL represents Pleasantness,CL represents Clarity,CF
represents Confidence, and OS represents Overall Score. Highest average scores for PL, CL, CF , and OS are shown in bold.
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