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Figure 1: The system diagram of VoxEx, showing the interaction flow of a screen-reader user from specifying their preferences
to obtaining customized information from an online data visualization. The implementation flow for creators is also shown.

Abstract

Screen-reader users are limited to the information that visualiza-
tion creators choose for them to extract. Consequently, they cannot
consume or produce information (e.g., for work) as they prefer.
For example, the information in an alt-text, expected to meet the
needs of all screen-reader users, may be either insufficient or ex-
cessive for some users. We present VoxEx, a system that enables
users to customize the information they consume from online data
visualizations. We conducted two formative studies that informed
our design of VoxEx. To assess the utility of our system, we ad-
ministered a field deployment of our system by integrating it with
VoxLens (Sharif et al., 2022), subsequently conducting two case
studies with screen-reader users and creators. We present the find-
ings from these studies, reporting that our system improves users’
efficiency in information extraction and requires minimal effort
from creators.
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1 Introduction

Inaccessible online data visualizations exacerbate the inequity and
disenfranchisement screen-reader users! experience with access to
digital content [37, 50]. Prior research shows that due to inaccessi-
ble visualizations, screen-reader users extract information 61% less
accurately and spend 211% more interaction time than non-screen-
reader users [66]. To make matters worse, even when accessibility

!People who use screen readers (e.g., JAWS [65]) for permanent or temporary needs and

may have complete or partial blindness, learning disabilities, or motion sensitivity [66].
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measures are applied, the information provided to screen-reader
users by visualization creators? is often either insufficient or exces-
sive [36, 66, 93]. For example, alternative text (“alt-text”) too often
serves as the single source of accessible information with an expec-
tation to satisfy the needs of over 2.2 billion screen-reader users
worldwide. Not having agency over the information screen-reader
users consume can further aggravate the disenfranchisement these
users experience with digital content, especially when performing
their employment responsibilities.

Researchers have examined the utility of customization in their
solutions to provide screen-reader users agency over the informa-
tion they consume [32, 40, 80]. However, despite these efforts, how
to best provide screen-reader users more agency over their own
manner of information consumption from data visualizations, such
that their agency isn’t limited to a particular software, remains
unclear. Our work addresses this timely issue by being the first to
investigate and improve screen-reader users’ agency in consuming
information from online data visualizations through both empirical
and artifact contributions.

Specifically, we developed VoxEx, a system that provides agency
to screen-reader users to customize the information they consume
from online data visualizations. To make informed design deci-
sions while creating VoxEx, we conducted two formative studies:
(1) a survey of 60 screen-reader users, and (2) a semi-structured
interview with 12 screen-reader users. Through these studies, we
collected participants’ customization needs and preferences from
various modalities, including alt-text, data tables, and sonification.
We also gathered their thoughts on potential technology interven-
tions. Based on our findings, we created three significant system
components for VoxEx: (1) a backend server, (2) a browser exten-
sion, and (3) a configuration portal. Together these components
enable screen-reader users to provide their preferences, and make
these preferences available to visualization creators. Visualization
creators can utilize these preferences to cater their content to the
individual needs of screen-reader users using logical if-else condi-
tions. Additionally, we administered a field deployment of VoxEx
through integration with VoxLens [71], a multi-modal open-source
JavaScript plug-in that makes online data visualizations accessible
to screen-reader users.

To examine the utility of VoxEx, we conducted two case studies:
(1) a five-day diary study with three screen-reader users, and (2) a
single-session study with three visualization creators. Our findings
show that VoxEx improves our participants’ efficiency in extracting
information from online data visualizations and requires minimal
development effort from visualization creators. In addition, our
participants did not name any privacy or security concerns with
VoxEx, even when prompted. Our results also shed light on the
importance of user agency for screen-reader users and identified
areas of improvement VoxEx, including providing definitions for
configuration options and modifying verbosity level by domains of
interest. We enhanced our system by implementing solutions for
these areas of improvement.

Zpeople who create online data visualizations. These include people with all levels of
expertise in creating visualizations, from beginners to experts. This term encompassed
similar terms, including “developer” and “designer.”
Shttps://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-
impairment
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The main contributions of this work are:

(1) Empirical results from our formative studies with screen-
reader users, including a survey of 60 users and interviews
with 12 users.

(2) VoxEx, a system that provides agency to screen-reader users
to customize the information they consume from online data
visualizations.

(3) An integration of VoxEx with the open-source tool VoxLens
[71], a multi-modal JavaScript plug-in that makes online data
visualizations accessible to screen-reader users.

(4) Empirical findings from our case studies with three screen-
reader users and three visualization creators that we con-
ducted to assess the utility of VoxEx.

2 Related Work

We review prior work on techniques commonly used to make data
visualizations accessible, enhancing user agency for screen-reader
users, and the employment challenges these users experience.

2.1 Modalities for Visualization Accessibility

2.1.1 Alt-Text. Alternative text (“alt-text”) is one of the most
widely used techniques to provide screen-reader users with a de-
scription of visual content [48, 52, 54]. Researchers have made con-
tributions by assisting developers in auto-generating alt-text [35, 47,
53, 67, 76, 91]. For example, Singh et al. [76] developed FigurAily,
an interactive system that supplies authors of scientific papers with
draft alt-text and offers suggestions based on figure and paper meta-
data. Their findings from a study with 14 authors indicate that their
system improved authors’ effectiveness in producing descriptive
alt-text in scientific papers. However, screen-reader users can only
consume information chosen for them. In our work, we address
this disenfranchisement by providing these users the agency to
customize the information they consume from data visualizations.

2.1.2  Sonification. Sonification communicates information to
screen-reader users using non-speech audio representations [3,
21, 82]. Prior research has explored sonification to improve the
experiences of screen-reader users with data visualizations [2, 18,
29, 64, 77] and developed open-source solutions [20, 28, 44, 70, 78].
Hoque et al. [30] used natural sounds, such as waterfalls, to sonify
data visualizations through their tool, Susurrus. Similarly, Sharif
et al. [69] extended Wang et al.’s [83] work by investigating vari-
ous oscillators and synthesizers and developing Sonifier [70], an
open-source library that creates sonification using these oscillators
and synthesizers. Our work enables screen-reader users to specify
their preferences for sonification, including the sound type and
speed.

2.1.3 Data Tables. In contrast to alt-text and sonification, data
tables offer screen-reader users granular access to underlying data.
Several prior works have discussed the utility of data tables as an
accessibility technique [36, 41, 84]. For example, Ferres et al. [19]
and Sharif et al. [66] reported that screen-reader users relied on raw
data to extract information from data visualizations in their user
studies. However, data tables require linear access to data points
and can cause cognitive overload for users, especially when the
data cardinality is high [43, 66]. To this end, in this work, we enable
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screen-reader users to specify their preferences to consume infor-
mation from data tables. For example, data tables can be organized
based on the sorting preferences of screen-reader users.

2.2 User Agency for Screen-Reader Users

Prior work in human-computer interaction has defined user agency
as “a user’s inherent capacity to form goals and intentionally take
action to achieve those goals”, and reported that it is “central in
managing technostress”. Researchers have widely discussed the
importance of user agency for disabled people [12, 15, 42], includ-
ing screen-reader users [4, 27, 33, 49]. For example, Barter [4] dis-
cussed the limitations of blind and low-vision users’ agency in
accessing information equitably compared to their sighted peers.
Researchers have also explored user agency through customization
in their solutions [32, 40, 80]. For example, Thompson et al. [80]
developed a web-based accessibility engine called ChartReader
and implemented customizations in its “filter” feature to minimize
the auditory and processing loads on the user. However, these cus-
tomizations are limited to the context of ChartReader. Similarly,
Sharif et al. [71, 72] created VoxLens, a multi-modal JavaScript
plugin that enables users to extract information through verbal
queries. While their findings show a significant improvement in
users’ accuracy by 164% and interaction times by 50% to access data
in visualizations, the modalities used in VoxLens do not offer the
agency to customize the information users receive.

2.3 Employment Challenges

People with disabilities face several challenges at work, including in-
accessible technologies [14, 57], negative stigma [11, 14, 57], and dis-
crimination in hiring and promotion [11, 57]. Consequently, these
challenges affect their performance, adversely affecting promotion
opportunities and reinforcing employment barriers [11, 17, 34].
Such is particularly true for the increasing number of jobs that in-
volve creating and consuming data from visualizations to perform
essential job requirements, as the inherent nature of visualizations
automatically puts screen-reader users at a disadvantage by default.
For example, a participant from O’Donnell’s [57] study said: “You
are taking someone with skills, and training ... and expecting them to
research and learn along the way ... you cannot research something if
the information you need is inaccessible, unclear, or unavailable”

Our work improves the accessibility and effectiveness of informa-
tion consumption from data visualizations for screen-reader users
by enabling them to access data based on their preferences. For
example, a screen-reader user may be able to extract information
from data tables more effectively by specifying their data sorting
or summary preferences, consequently enhancing their job per-
formance. To do so, first, we provide generalizable findings of the
information screen-reader users customize from data visualizations.
Then, we present VoxEX, a centralized interface that enables users
to specify their preferences and can be integrated with other state-
of-the-art solutions to make online data visualizations accessible.
Additionally, adopting our system places a minimal development
burden on visualization creators and does not demand additional in-
stallation. We created VoxEx using the generalizable findings from
our formative studies, presented in detail below.
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3 Formative Studies

To better understand opportunities for enhancing user agency for
screen-reader users consuming information from online data vi-
sualizations, we administered two formative studies: (1) a survey
of 60 screen-reader users and (2) semi-structured interviews with
12 screen-reader users. We conducted the interviews to solicit a
more in-depth understanding of the survey results. Altogether, the
results from these two studies provide complementary insights.
We analyzed the data using a mixed-methods approach involving
qualitative analysis and descriptive statistics.

3.1 Participants

We recruited our participants for both formative studies through
collaboration with the National Federation of the Blind [56], so-
cial media platforms, and distribution lists for screen-reader users.
Among our 60 respondents (M=49.1 years old, SD=14.9), 38 identi-
fied as women, 20 as men, and two as non-binary. Fifty-three had
complete blindness, and seven were partially blind. Participation in
the survey was voluntary and without financial compensation.
We also conducted semi-structured interviews with 12 screen-
reader users (M=48.2 years old, SD=17.2). Among our interviewees,
seven identified as women, three as men, one as non-binary, and
one did not disclose. Ten had complete blindness, and two were
partially blind. We compensated them with a $25 Amazon gift card.
We ceased recruitment after reaching saturation of insights [16, 24].

3.2 Procedure

3.2.1 Online Survey. Our online survey included two steps. Par-
ticipants filled out each step without supervision. In the first step,
we displayed the purpose of our study, eligibility criteria, and data
anonymity clause. Additionally, we collected participants’ demo-
graphic information, including their gender [79], preferred pro-
nouns, age, preferred screen reader, vision level, diagnosis, and
education level. Next, we asked what they would customize in alt-
text and sonification of data visualizations and tables. We also asked
our participants to provide details of their choices via a use case
and examples as free-form responses. Additionally, we inquired
about any optional comments they have pertaining to user agency.

3.2.2  Semi-Structured Interviews. We conducted the 45-minites
semi-structured interviews on Zoom. During the interview sessions,
we gathered participants’ thoughts about user agency in extracting
information from data visualizations. Particularly, we asked about
what they would customize in different modalities, and how they
would do so (i.e., technology interventions). We provided them with
examples of various modalities to increase their engagement.

3.3 Analysis

We calculated descriptive statistics and qualitatively analyzed our
participants’ responses from both studies. Specifically, we con-
ducted a theoretical thematic analysis [7]. We used a semantic
approach [61] and an essentialist paradigm [62, 87] for our analysis,
following guidelines from Braun and Clarke [8]. We calculated the
inter-rater reliability (IRR) using pairwise percentage agreement,
reaching a high agreement percentage of 97%. Our determination
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Table 1: Modalities and their customizations identified by
participants during our formative studies.

Modality Customization

C1 | Adding more information (e.g., chart type)

C2 | Removing unwanted/excessive information
Alt-text

C3 | Controlling the verbosity of the text

C4 | Including the chart type (e.g., bar graph)
Data Tables C5 | Sorting data by ascending order

C6 | Sorting data by descending order

C7 | Change pitch type (continuous and discrete)
Sonification | C8 | Toggle between traditional and musical

C9 | Adjust sound speed

of calculating IRR in our analysis is based on recommendations on
best practices put forward by McDonald et al. [51].

3.4 Results

Overall, many of our participants expressed the desire to customize
alt-text (75%), data tables (73%), and sonification (48%). Additionally,
8% of our participants identified the necessity of having agency over
information extraction using verbal question-and-answer modali-
ties, such as provided by VoxLens [71]. Table 1 presents a summary
of findings for each modality. In this work, we focused on the three
most commonly identified modalities: (1) alt-text, (2) data tables,
and (3) sonification.

3.4.1  Alt-Text. Our participants communicated their desire to cus-
tomize the summary content of data visualizations. Some partic-
ipants were interested in hearing a detailed summary, whereas
others preferred succinct responses. To cater to the varying needs
of users, P1 suggested providing more than the standard options
in a summary. She said, “For a graph I'm particularly interested in,
I wanna know more than just the average, the maximum, the mini-
mum. I would want that option [to know more].” On the other hand,
P4 highlighted the importance of removing excessive information
she didn’t want to know from the summary. She stated, “For the
description, the problem sometimes that we run into is there’s exces-
sive alt-text. I wanna be able to have the flexibility of invoking that
because I may not want to know.”

3.4.2 Data Tables. A common desire of all participants who stated
a need for customizing data tables was a feature to sort data based
on their preferences. This finding aligns with those from prior work
[69, 80] on data visualization accessibility, particularly sonification.
S21 shared his interaction and discussed the benefits of customizing
sorting: “I've encountered charts and graphs where the screen reader
moves across each row first and then to the next row. This makes
it difficult to navigate because sometimes it is hard to remember or
keep track of column headings. It happens a lot with financial data.
So, being able to customize sorting would be great.” S21’s statement
resonates with prior work’s [66, 93] recognition of the cognitive
overload caused by screen readers’ linear access of data in tables.
S21 proposed sorting as the solution to this problem.
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3.4.3  Sonification. Participants emphasized the need to customize
the pitch, speed, and sound type of a sonified response to interpret
data better. S22 expressed her need to customize the speed of the
sound, saying, “I would like to customize the speed of the sound or the
length of the sound. Sometimes audio information moves very quickly,
and it would be nice to be able to slow it down and get more details.”
Further, S33 discussed the need to customize the pitch, frequency,
and sound type, finding it critical for people with multiple disabili-
ties: “Pitch, frequency, and sound type can be important to customize
for people with intersectional disabilities that affect sensory process-
ing so as not to trigger any discomfort, as well as to maximize clear
understanding for those with hearing impairments. It is important
that any sounds do not interfere with the screen readers.” While our
work did not explore the intersectionality of different disabilities,
it provides avenues for future work to explore this further.

3.4.4 Technology Intervention. Our participants shared positive
views about having a centralized system to enable them to specify
their preferences that visualization creators could utilize to pro-
vide a customized response. P2 shared the benefits of a centralized
system: “I'm notorious for having, like, three, four, five different ma-
chines with different setups and doing the same thing on different
machines to install something. And then all of a sudden, something
needs to be updated, and all hell breaks loose, and then I have to
change it everywhere.” Furthermore, P5 considered browser exten-
sions a potential technology intervention and shared her opinion
of an authentication feature. She said, “You could [develop a] Google
extension; sometimes you install extensions and as soon as you launch
them, it’s ready to go. But for some extensions, you launch them, and
then it asks you to sign in. So, I'd rather have it sign in because that
way you know your data is somewhat protected.”

From the formative studies, our goal was to understand what
information screen-reader users prefer to customize in using the
most common modalities to access data in visualizations and how
they can accomplish this task without compromising their privacy
and security. Based on these preferences of our participants, we
considered four key elements to build our technology intervention:
(1) a centralized system, (2) using users’ existing preferences as
default settings, (3) a browser extension, and (4) an authentication
feature for privacy and security. In the next section, we provide our
system, VoxEx, that incorporates these four elements.

4 VoxEx

VoxEx is a centralized system comprising a configuration portal, a
browser extension, and a backend server. We created VoxEx based
on the findings from our formative studies. Specifically, our goal
was to enable screen-reader users to specify their information con-
sumption preferences and provide creators with an interface to
utilize these preferences to customize the accessibility of their data
visualizations. By enabling screen-reader users to receive data vi-
sualizations customized to their preferences, VoxEx embodies the
principles of ability-based design [88, 89].

4.1 System Overview

VoxEx is a system that assists two stakeholder groups: screen-
reader users and visualization creators. Figure 1 shows the sys-
tem overview of VoxEx. To enable screen-reader users to specify
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XYZ Configuration Portal

General Preferences
Setting Value

Verbosity Level

Sorting: Dependent Variable(s) O Ascending

Sorting: Independent Variable(s)

Uncertainty information O Yes ® No

Summary Preferences
Setting
Title
Chart Type
Average
Minimum
Maximum
Standard Deviation

Variance

Audio Graphs Preferences

O Descending

O Ascending O Descending
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View Preferences  Import Preferences  Logout

O Low O Medium @ High

@® As determined by developer

@® As determined by developer

Value

®Yes O

® Yes O

® Yes C

@® Yes

®Yes O

OYes ®

O Yes

Setting Value

Continuous ® Yes O No

Sound Type O Musical (Instruments) @ Oscillator (Traditional Computer Sounds)
Speed O Slow ® Medium O Fast

SAVE PREFERENCES

Figure 2: Screenshot of the configuration page of the VoxEx portal, displaying preferences categorized by modalities.

their preferences, we created a Chrome extension and an online
configuration portal. Users can add our Chrome extension to their
browser through the Chrome Web Store?. The online configuration
portal is a website that enables these users to securely log in using
their Google accounts and specify their information consumption
preferences. These preferences are not limited to output modality
and style, like verbosity. Users can also specify the content they
prefer to hear as well. These preferences are stored in the session
storage® of all the existing windows in the user’s browser as well
as new windows or tabs.

The session storage of any given web page is accessible to the vi-
sualization creators and web developers via the sessionStorage®

“https://chromewebstore.google.com/
5 A separate storage area for each website, available for the duration of the page session.
Chttps://developer.mozilla.org/en-US/docs/Web/API/Window/sessionStorage
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property of the Window interface’. When a user specifies their pref-
erences, our system populates these preferences in the session stor-
age for creators to access them programmatically. For example, if
the user states their preference to hear the standard deviation along-
side means, the visualization creators can use if-else conditions to
include this information in the alt-text of their visualizations. In
doing so, our system facilitates visualization creators to provide
users the agency to customize the information they wish to hear
and not what is chosen for them by the creators. The visualization
creators do not need to install the browser extension or visit the
configuration portal to enable support for VoxEx. However, our
open-source repository includes a “playground emulator” for non-
screen-reader users to interact with the system as screen-reader
user, and documentation for beginners and expert creators alike.

7https://developer.mozilla.org/en-US/docs/Web/AP/Window
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4.2 System Components

4.2.1 Configuration Portal. We created the configuration portal
using Apol10® and ReactJS® and hosted it on our server. Our con-
figuration portal comprises three components: (1) Google authenti-
cation, (2) configuration page, and (3) import preferences page.

4.2.1.1 Google Authentication. To store users’ preferences, we
require users to log in using their Google account to access our
portal, using their email as the primary key in our database. We
implemented the log-in feature using the react-oauth!? library.

4.2.1.2 Configuration Page. We display the configuration page
once the user has successfully logged in, which shows options
for their information consumption preferences in a tabular format
organized by different modalities. For example, under “Summary
Preferences,” users have the options of “Yes” and “No” for various in-
formation types, including title, chart type, and standard deviation,
(Figure 2). We curated these options based on the findings from our
formative studies (Table 1). Specifically, we organized the prefer-
ences in the portal into three categories: (1) General Preferences, (2)
Summary Preferences, and (3) Audio Graphs Preferences.

The General Preferences category contains options for users to
specify their preferences for the verbosity level (C3 in Table 1) [low,
medium, high], sorting of dependent and independent variables (C5
and C6) [ascending, descending, as determined by developer], and
information on data uncertainty. The data uncertainty information
was not a strict finding from our formative studies and was included
due to its significance identified by prior work [73]. The Summary
Preferences category provides binary options (yes/no) for users to
curate the alt-text (C1 and C2) by specifying their preferences for
the title, chart type (C4), and descriptive statistics. The list of the
descriptive statistical measures was obtained from the findings of
prior work [66, 93]. Finally, the Audio Graphs Preferences category
enables users to select their preferences for pitch type (C7), sound
type (C8), and sound speed (C9).

The findings from our formative studies also suggest that our
participants expressed a desire to customize their information ex-
traction per data visualization. Successfully achieving this feature
requires additional user studies to address the feature’s complex-
ities, such as providing users with an intelligent system and an
easy-to-use interface to manage separate settings for each data
visualization. As our scope was limited to exploring user agency
and customized information extraction, we did not explore this
granular feature. However, as a workaround, users can modify their
preferences while viewing a particular data visualization. Our ex-
tension auto-updates the session storage of each browser tab on
preference changes, allowing users to immediately hear catered
information without any additional action, including refreshing
their desired web page.

After selecting their preferences, users can click on the “Save
Preferences” button, which updates their preferences in the data-
base and dispatches these preferences to the browser extension via
aMessageEvent.!!

8https://www.apollographql.com/

https://react.dev/

Ohttps://www.npmjs.com/package/ @react-oauth/google

Events referencing a named message dispatched by a source object.
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4.2.1.3 Import Preferences. In addition to the configuration page,
we added the functionality for screen-reader users to import their
preferences directly from their screen readers. Specifically, we ex-
tended the functionality of our system by enabling users to upload
their screen reader settings in the configuration portal. Our system
parses the uploaded file, matches the settings from the screen reader
with those present in our system, and updates the preferences of
the users based on their specified screen reader settings. (Users
can obtain their screen reader settings using the export function-
ality in screen readers.) This feature is helpful to save time and
reduce the burden on users to re-enter their preferences in the por-
tal. Currently, this feature is limited to VoiceOver [31], and work is
underway to extend this feature to JAWS [65] and NVDA [1].

We followed the WCAG 2.1 accessibility guidelines [9] in de-
veloping our portal. Specifically, we used Color Vision Deficiency
(CVD) friendly palettes and checked the contrast ratio using the
WebAIM Contrast Checker tool [85], ensuring it to be at least 3:1.

4.2.2 Browser Extension. We created a VoxEx browser extension
and published it on the Chrome Web Store, following the Chrome
extension development guidelines and complying with standard
privacy and security policies. Our browser extension receives the
preferences sent by the configuration portal via a MessageEvent,
verifies the sender’s source, and updates the session storage of each
tab with these preferences. Our extension implements a background
listener, which receives the updated preferences whenever a user
modifies their preferences and dispatches these preferences to each
browser window and tab to be stored in the session storage. In other
words, our extension enables anonymous sharing of screen-reader
users’ preferences to visualization creators without requiring addi-
tional hardware or software, serving as the middle-tier connection
between the two user groups.

4.2.3 Backend Server. To enable a secure transaction of preferences,
we followed suggestions from prior work [38, 46] to implement
a server-side approach. Our backend server receives users’ infor-
mation and preferences, and stores this data in our Postgres!?
database. We restricted access to our backend server by implement-
ing strict cross-origin resource sharing (CORS) policies to only
allow requests from our configuration portal host. We also used the
google-auth-library!3 to verify the authorization token from
the request headers as an additional security measure. We created
our backend using Node . js!* and GraphQL!>. Specifically, we im-
plemented a “getPreference” query and a “setPreferences” mutation
to fetch and update data, respectively.!® In summary, our server
ensures secure access to a user’s preferences, taking into account
appropriate privacy and security measures.

4.3 Enhancements to VoxLens

We used VoxLens [71-73], a multi-modal open-source JavaScript
plug-in that makes online data visualizations accessible to screen-
reader users, to explore VoxEx’s utility and usability through a field

https://www.postgresql.org/
Bhttps://www.npmjs.com/package/google-auth-library

Yhttps://nodejs.org/en

https://graphql.org/

161n GraphQL, a “query” is a read-only operation, and a “mutation” represents a write
operation.
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deployment. It is worth reiterating that VoxLens is not a part of
the VoxEx system, despite the similarity in their names. VoxEx and
VoxLens are independent systems and our usage of VoxLens is lim-
ited to the purposes of conducting a field deployment of VoxEx. We
chose VoxLens because it is (1) open-source, (2) multi-modal, and (3)
suitable for online data visualizations. VOxEx is a generalizable so-
lution, having no dependencies on VoxLens. Additionally, VoxLens
caters to the individual needs of users by supporting holistic and
drilled-down information extraction through three modalities: (1)
Question-and-Answer mode (verbal queries), (2) Summary mode
(alt-text), and (3) Sonification (audio graphs). However, without
our integration, it does not cater to individual preferences, such as
verbosity levels, summary content, and sound types.

We implemented conditional if-else logic in VoxLens to integrate
it with VoxEx. As a preliminary matter, we checked if preferences
were present in the session storage. We defaulted to the original
VoxLens response in cases when these preferences were absent.
When the preferences were present, we curated the appropriate re-
sponse, excluding, including, and modifying information as needed.
Given that VoxLens serves as a proxy for visualization creators to
implement multi-modal accessibility in online data visualizations,
our enhanced version of VoxLens automatically provides informa-
tion customization and does not need additional development effort
from creators. To shed further light into the usage of VoxEx with
and without VoxLens, we provide two use-case scenarios below.

4.3.1 Background for the Scenarios. For the purpose of demonstrat-
ing the scenarios, we will consider John and Jane as two screen-
reader users who have VoxEx system set up, and Alex as the creator.
John has specified their preferences in our configuration portal, stat-
ing that they only wish to hear the average in the alt-text, whereas
Jane has specified that they prefer to hear all statistical measures.
Our browser extension received and populated the respective pref-
erences in the session storage of John and Jane’s browsers. Alex
is tasked with writing the alt-text for a data visualization on their
organization’s web page. In writing the alt-text, Alex had originally
included the average, minimum, and maximum, considering these
measures the most commonly sought measures from data visualiza-
tions. However, Alex understands that their selection of measures
does not satisfy the needs of all screen-reader users and wishes to
make adjustments to support VOxEx users.

4.3.2  Scenario 1: Without VoxLens. Alex writes code to access
users’ preferences using the “getltem” function from the “session-
Storage” property. Then, Alex uses conditional if-else logic to pro-
grammatically determine which measures should be included or
excluded from the alt-text. Specifically, the if-else condition checks
to see if a given measure is specified in the users’ preferences in
the session storage and dynamically generates the alt-text based on
these checks. This approach allows John to hear the average only
and Jane to hear all the statistical measures and is effective for both
JavaScript-based (e.g., D3.js [6]) and image-based data visualizations
(e.g., screen captures and image exports).

4.3.3  Scenario 2: With VoxLens. Alex incorporates our enhanced
version of VoxLens as the middle-tier layer in their JavaScript-based
visualization to make visualizations accessible to screen-reader
users. As our enhancements already include the if-else conditions,
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Alex does not need to make any code modifications. Since VoxLens
is only functional for JavaScript-based visualizations, this approach
does not support image-based data visualizations.

We used the integration of VoxEx with VoxLens for a field de-
ployment that we used in our case studies to assess the utility and
usefulness of our system, presented below.

5 Case Studies

VoxEx is the first system to provide screen-reader users the ability
to customize their information consumption from online data vi-
sualizations. Therefore, we did not conduct a baseline comparison
to avoid straw-man and performative comparisons. Rather, we re-
viewed the guidelines on system evaluation strategies [23, 45, 60, 90]
and administered case studies to study the performance of our en-
hancements and their ability to help screen-reader users achieve
their goals. Additionally, we followed the methodology from prior
work in accessibility research [68, 92] to make epistemological
choices for our case studies, including the sample size. Specifically,
we conducted two case studies [74]: (1) a diary study with three
screen-reader users lasting five days, and (2) a single-session study
with three visualization creators.

5.1 Participants

We recruited three screen-reader users and three visualization cre-
ators through respective social media platforms and distribution
lists for screen-reader users and visualization creators. The average
age of screen-reader users was 51.0 years old (SD=14.7). Two were
completely blind, and one had partial vision. Among the three vi-
sualization creators, the average age was 32.0 years (SD=5.2). None
were screen-reader users. All participants had an industry affilia-
tion. We compensated screen-reader users and creators with a $130
and $30 Amazon gift card, respectively.

5.2 Procedure

Prior to our studies, we performed a field deployment [10, 75] of
VoxEx. We published our Chrome extension on the Chrome Web
Store and hosted our configuration portal on our server. Addition-
ally, we created a page containing a sample visualization using
D3.js [6] integrated with our enhanced version of VoxLens [71].

5.2.1 Case Study with Screen-Reader Users. We conducted a diary
study [5, 58, 63] with our screen-reader participants that lasted
five days. First, we introduced our participants to VoxEx through
a tutorial session. Specifically, we asked the participants to share
their screens, assisted them in installing our Chrome extension,
and guided them in setting various options for “Verbosity Level”
(High, Medium, and Low) to extract information from the sample
visualization. For example, participants selected the setting for
verbosity level to “High,” navigated to the sample visualization
page, and extracted information using all three VoxLens modalities
(Q&A, Summary, and Sonification). They repeated this task using
the “Medium” and “Low” settings for verbosity level to experience
the difference in responses for each setting. We finished our tutorial
session once the participants expressed comfort in interacting with
our system without supervision.

During the next three days, participants interacted with our sys-
tem without supervision and logged a diary entry each day. Their
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task was to interact with a visualization using every setting for
each option in the configuration portal. Each participant interacted
with the same visualization during their case study. After their
interaction each day, they submitted a diary entry log of their in-
teractions with VoxEx for that respective day in a freeform manner,
specifying their overall experiences and areas of improvement. For
three participants over three days, a total of 3 x 3 = 9 log entries
were recorded and subsequently analyzed. We conducted a semi-
structured interview on the fifth day to ask questions about their
interactions with our system. We also administered the NASA-TLX
perceived workload questionnaire [25, 26].

5.2.2  Case Study with Visualization Creators. We interviewed vi-
sualization creators via Zoom in a semi-structured manner, which
lasted an hour. We introduced our participants to VoxEx and shared
use-case scenarios (Section 4.3). Specifically, we discussed the de-
sign of our system and guided them through the implementation
process end-to-end, providing examples of using logical if-else con-
ditions to enable VoxEx users to extract information using various
modalities in a customized manner. At the end of this process, we
showed them the “final product” using a screen reader, particularly
highlighting how screen-reader users could customize their infor-
mation consumption that they couldn’t before. Our goal was to seek
their thoughts on our system design and to identify their perceived
utility of our system, development effort, and areas of improvement.
Additionally, we sought their perception of user agency.

5.3 Analysis

We qualitatively analyzed our interviews and the diary entries from
our screen-reader users. Similar to our formative studies, we used
a semantic approach [61] and an essentialist paradigm [62, 87] to
conduct a theoretical thematic analysis [7]. We followed guidelines
from Braun and Clarke [8]. Additionally, we analyzed the subjective
ratings collected from the NASA-TLX questionnaire [25, 26].

6 Results

We present the results from our two case studies with three screen-
reader users and three creators. Additionally, we describe further
enhancements to VoxEx based on participants’ feedback.

6.1 Case Study with Screen-Reader Users

We conducted a five-day diary study with three screen-reader users,
which involved a tutorial session, unsupervised interaction with
VoxEx, and a follow-up interview. We studied participants’ interac-
tions and privacy and security concerns, asked them about areas for
improvement, and sought their overall feedback. We also collected
their subjective ratings using the NASA-TLX questionnaire.

6.1.1 Information Extraction Experience. A prevalent theme in our
interviews was participants recognizing how VoxEx improved their
efficiency in extracting information from online data visualizations,
providing them the autonomy to control and choose the informa-
tion they wanted to extract. C3 expressed their enthusiasm this
way: “It allows me to do things quickly and efficiently, get the infor-
mation, glance at it like a sighted person. And then when I started to
define what I wanted, I felt even better. It’s a useful way of describing
information in the format that I need. It’s about damn time.”
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Similarly, C2 discussed the importance of autonomy and agency
over information she wanted: “Being able to choose the information
felt really important and meaningful because I had more autonomy
and control over the information I wanted; it would save time not
having to listen to information I didn’t need or care about. As a blind
person, it takes about 50, maybe even a hundred percent longer than
a sighted person to do anything. So, any way I can make things more
efficient or kind of control how much time something takes is great.”

6.1.2  Privacy and Security Concerns. During the follow-up inter-
views, we asked the participants if they had any privacy or security
concerns with installing and using VoxEx. Our participants did not
report any concerns, regarding the research study as trustworthy.
Naturally, we inquired about participants’ concerns if they had
encountered VoxEx outside of a research study and what factors
might contribute toward resolving any concerns. C2 stated that
having a credible source resolves their concerns: “So really, that’s
Jjust kind of my standard practice when I download anything is to
make sure it’s [from] a reliable source based on my research and then
ask people that I trust who understand these things a lot more.”

6.1.3  Areas of Improvement. We inquired about areas of improve-
ment for VoxEx from our screen-reader participants. All three par-
ticipants highlighted the need to provide definitions of the configu-
ration options. In addition to definitions, C2 specified mathematical
and scientific concepts as particular use cases for definitions: “Math-
ematical and scientific concepts I'm rusty [with], so [I] don’t have
a solid understanding of standard deviation and variance and stuff
like that. Having the option to get more information about standard
deviation in a graph takes the burden off.”

C3 recognized the opportunity for VoxEx to be an educational
tool: “Describing standard deviation for someone who doesn’t know
could be a good thing. I think if a person hasn’t had statistics in school,
Jjust a quick definition of what those are would help them a lot. It
could be an educational tool as well.”

6.1.4 Overall Comments and Feedback. Our participants provided
additional feedback on the usefulness of VoxEx by highlighting our
import preferences feature. For example, C2 shared: “I think it’s
really helpful in time-saving because if I don’t have that ability, then
I’'m using a lot of my time and mental load on getting the configura-
tions exactly as I want them for general use. I think it’s a very good
call on having settings be able to be imported and stuff.”

Furthermore, our participants discussed how VoxEx would be
helpful for non-screen-reader users, including people with non-
visual disabilities and those without disabilities. C3 discussed its
benefits for people with learning disabilities: “Not only would I use
this with people that have visual or cognitive disabilities, I'd introduce
it to people that have learning disabilities but show them how you
can use them with other skill sets, and it would enhance it and also
increase the ability and speed to process information”

6.1.5 Subjective Workload Assessment. We used the NASA Task
Load Index questionnaire (NASA-TLX) [25, 26] to collect subjective
workload ratings from our participants. The NASA-TLX question-
naire uses six 21-point scales to determine users’ perceived task
workload: mental demand, physical demand, temporal demand, effort,
frustration, and performance. To characterize VoxEx’s workload, we
relied on a characterization from prior work [71], since a control
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condition for comparison does not exist. Our results indicated that
VoxEx requires low mental demand (M=3.0, SD=1.0), low physical
demand (M=1.3, SD=.6), low temporal demand (M=5.0, SD=3.0),
low effort (M=5.3, SD=2.1), low frustration (M=3.7, SD=2.9), and
has high perceived performance (M=17.3, SD=6.4).

6.2 Case Study with Visualization Creators

We interviewed three visualization creators in a semi-structured
manner. We introduced them to VoxEx and sought their feedback
on the utility of VoxEx and development effort. Additionally, we
inquired about areas of improvement and overall comments.

6.2.1 Perceived Utility of VoxEx. We introduced our participants
to VoxEx and demonstrated an example use case to aid them in
forming an understanding of our system’s features. Subsequently,
we inquired about their perceived utility of VoxEx. Our participants
showed enthusiasm for our system, finding it useful for all users,
particularly screen-reader users. V2 classified VoxEx as “remarkable”
and surmised that it provides equal access to data visualizations
as noted in Section 508 of the Rehabilitation Act [13, 59]: “I think
it’s really fantastic. I mean, thinking of laws in the United States, like
Section 508 and providing comparable equal access, this [tool] does
that. I can’t stress enough this is truly remarkable, to be honest. I
think it’s incredibly useful. I do think this is huge in so many ways
and many leaps in the right direction toward agency when it comes
to screen reader users and data visualization.”

V3 shared her experiences as a developer about our system’s
usefulness in catering the content to the preferences of target users:
“Every time I develop something, I think of my target users first. It’s
pretty useful because you get to know them more, what their prefer-
ences are, and how you can address those preferences in your design.
Because without this [tool], you actually don’t know what your user’s
preference is. You can only give them all of the information but then
people feel impatient that you’re reading a long paragraph that they
are not even interested in. They can get the information straight like a
short answer, you have a setting to control that and speed and stuff.”

6.2.2 Development Effort. We asked participants their thoughts on
the development effort needed to provide customized information
from online data visualizations using VoxEx. Specifically, we asked
them to rate their perceived difficulty of implementation on a Likert
scale of 1 to 7, with “1” representing none-to-minimal difficulty and
“7” representing extreme difficulty. All our participants rated the
difficulty as “1”. V1 elaborated on her choice: “It doesn’t seem like
that much work. Like, you know the person doesn’t want a title. So
you then decide, okay, the user doesn’t want the title, then I'm not
going to include the title in it. It’s pretty simple really.”

This finding shows that the effort required to incorporate VoxEx
in creators’ workflows is none-to-minimal - a promising and en-
couraging result that could assist in the wide adoption of VoxEx.

6.2.3 Areas of Improvement. Similar to our screen-reader partici-
pants, visualization creators also emphasized the need to provide
definitions of the configuration options. For example, V2 expressed
her opinions as: “If I have no idea what a standard deviation is, and
especially [what] uncertainty [of] information [is], having a definition
here to make this even more accessible would be fantastic.”

155

W4A 25, April 28-29, 2025, Sydney, NSW, Australia

Additionally, our participants noted that domain interest could
be a potential factor in determining verbosity levels. V1 suggested
to adjust the content based on the domains of interest: “You might
not have the same preferences if you’re going through something
you’re invested in. So, if you asked users for their interests or the
domains they’re interested in and adjusted the content based on that,
then I think that would probably increase the utility.”

6.2.4 Overall Comments and Feedback. Our participants provided
positive and encouraging feedback on VoxEx. In particular, they
were excited about our system’s central focus on user agency for
screen-reader users. For example, V1 conveyed her enthusiasm for
the importance of user agency: “It’s pretty important and critical
to have agency over the information you consume. Giving users the
option to specify what information they want and what information
they don’t want, and to control that is pretty important.”

V2 agreed, saying: “I think it’s super important. Because it could
frankly disenfranchise people sometimes from even attending higher
education institutions to be able to then participate in a way that feels
equal and comparable.”

6.3 VoxEx Enhancements

We made enhancements to VoxEx to incorporate the feedback we
received from our participants during the case studies. In partic-
ular, we focused on the areas of improvement they identified and
addressed their concerns by: (1) adding definitions of configuration
options, and (2) using domains of interest to determine verbosity
levels. We present these enhancements below.

6.3.1 Definition of Configuration Options. A unanimous sugges-
tion from our participants was to add a definition for each con-
figuration option to support users in understanding these terms.
Therefore, we added an accessible help tooltip icon next to each
configuration option, enabling users to obtain the term’s definition.

6.3.2 Domains of Interest. Our visualization-creator participants
noted the need for an additional feature to determine verbosity
levels based on domains of interest. We integrated the ChatGPT
API'7 to implement this feature in VoxEx as Large-Language Mod-
els are a beneficial source of extracting categories from web content
[39, 81, 86]. First, we issued ChatGPT the query “website categories”
to obtain the list of broader website categories. We included this list
on the configuration portal and provided users the option to select
multiple categories of their interest. Then, on the client side, we
queried ChatGPT with the text from the web page’s meta tags, title,
and body to determine its category. For example, on our sample
visualization page, we queried “website category for ‘Data visualiza-
tion showing average class scores for each student™ and received
the following response: “The appropriate website category for a
‘Data visualization showing average class scores for each student’
would likely fall under ‘Education’ or ‘Academic Resources.” If the
identified category of the web page was among the list of user’s
categories of interest, we set the user’s verbosity setting to “High”
More work is underway to improve the network latency of VoxEx.

5

https://chat.openai.com/
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7 Discussion

In this work, we surveyed 60 and interviewed 12 screen-reader
users. We used the findings from these studies to create VoxEx, a
system that provides screen-reader users the agency to customize
the information they consume from online data visualizations. We
performed a field deployment of VoxEx through its integration with
VoxLens [71]. Specifically, we conducted two case studies to assess
the utility and usefulness of our system: (1) a five-day diary study
and interviews with three screen-reader users, and (2) a single-
session interview with three visualization creators. We utilized the
findings from our case studies to enhance our system.

7.1 User Agency for Screen-Reader Users

V1 expressed during her case study interview that “it’s pretty impor-
tant and critical to have agency over the information you consume.”
Similarly, C3 said, “It allows me to do things quickly and efficiently,
get the information, glance at it like a sighted person.” These results
are aligned with those from prior work [71, 72, 93], which show
that users desire the agency to customize their information con-
sumption. Screen-reader users are limited to the content chosen by
visualization creators, unlike non-screen-reader users, who have
more freedom and options to interact with and consume informa-
tion from online data visualizations. Even multi-modal tools, such
as VoxLens, generate summaries of data visualizations based on the
most commonly extracted information, which may not satisfy the
needs of some screen-reader users. Our empirical findings show
that giving users the agency to customize the information they
consume can enhance their experiences with online data visualiza-
tions. Therefore, we urge researchers to explore and incorporate
user agency in their solutions whenever possible.

7.2 Balance Between Providing Agency and
Suggesting Critical Information

Providing screen-reader users agency to customize their informa-
tion consumption is a vital step toward minimizing the digital divide.
At the same time, it is crucial to relay the information creators in-
tend to convey to the users in data visualizations. For example,
depending on the data, creators may find it necessary to provide in-
formation on data uncertainty, which may or may not be the user’s
preference. Determining an acceptable balance between providing
agency and suggesting critical information is a key consideration
to equitable information consumption. While our effort contributes
toward achieving the aforementioned balance, it is limited to the
data sorting setting. Future work can explore how this balance can
be effectively extended to other configuration options.

7.3 Usage of Large Vision Language Models

Large Vision Language Models (LVLMs) have recently gained pop-
ularity by enabling users to obtain information about images using
computer vision together with large language models. While plausi-
ble, these features have not been tested for data visualization acces-
sibility, particularly for complex and unconventional visualizations.
As Namikoshi et al. [55] noted, “Modeling the beliefs, preferences,
and behaviors of a specific population can be useful for a variety of
different applications. Existing work has had mixed success using
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large language models to accurately model human behavior in dif-
ferent contexts.” In addition, concerns exist about Generative AI’s
negative impact on inclusion, representation, and equity for people
with disabilities, ableist biases, and association of disabilities with
toxic content or harmful stereotypes [22]. Therefore, we did not
employ LVLMs in this work. Once LVLMs are determined appropri-
ate for data visualization accessibility, future work can incorporate
these models into accessibility solutions, including VoxEx.

7.4 Utility Beyond Online Data Visualizations

We developed VoxEx with a central focus on screen-reader users.
However, as our participants identified, our work can benefit non-
screen-reader users, including those with non-visual disabilities.
For example, our system can support people with color-vision-
deficiency (CVD) by enabling them to specify preferences that
creators can use to automatically modify color palettes in visualiza-
tions and graphics based on their CVD type and preferences. We
aspire to extend the utility of our system for other demographics,
additionally exploring its benefits for visualization literacy.

7.5 Limitations and Future Work

Based on our participants’ suggestions, we enhanced VoxEx by en-
abling users to specify their domains of interest. However, we did
not include subdomains in this exploration. For example, a user
might only be interested in the “basketball” subdomain under the
broader domain of “sports.” Future work can utilize Al-powered
tools to determine and incorporate these subdomains into our sys-
tem. Another limitation is that we did not quantify the gains in
information extraction speed, accuracy, or efficiency compared to
prior work. Participants roundly supported VoxEx as an enhance-
ment to efficiency, in particular, but a more formal lab-based ex-
periment would be necessary to quantify these gains. For example,
VoxEx could be compared to the de facto VoxLens without VoxEx
to measure the specific gains represented by the former.

8 Conclusion

In this work, we sought to provide enhanced agency to screen-
reader users to customize the information they consume from on-
line data visualizations. To achieve our objective, we surveyed and
interviewed screen-reader users and subsequently used the findings
from these formative studies to develop VoxEx. Through integration
with an open-source visualization accessibility tool, VoxLens, we
conducted a field deployment of our system. We conducted a diary
study with screen-reader users and a single-session interview with
visualization creators to assess the utility and usability of VoxEx. We
reported the findings from our studies showing that our system im-
proves screen-reader users’ efficiency of information extraction and
requires minimal effort from visualization creators. Additionally,
we incorporated the suggestions from our participants to improve
VoxEx. We hope that by improving the efficiency of screen-reader
users to extract information from data visualizations, our work will
not only contribute toward increasing employment opportunities
for these users but also toward enhancing their performance in
their current roles.
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