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Abstract

We introduce ChartA1lly, an app developed to enable accessible
2-D visualizations on smartphones for blind users through a par-
ticipatory and iterative design process involving 13 sessions with
two blind partners. We also present a design journey for mak-
ing accessible touch experiences that go beyond simple auditory
feedback, incorporating multimodal interactions and multisensory
data representations. Together, ChartA11ly aimed at providing di-
rect chart accessing and comprehensive chart understanding by
applying a two-mode setting: a semantic navigation framework
mode and a direct touch mapping mode. By re-designing traditional
touch-to-audio interactions, ChartA1ly also extends to accessible
scatter plots, addressing the under-explored challenges posed by
their non-linear data distribution. Our main contributions encom-
pass the detailed participatory design process and the resulting
system, ChartA11ly, offering a novel approach for blind users to
access visualizations on their smartphones.
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1 Introduction

Data visualizations play a crucial role in understanding and ex-
ploring complex datasets, and in gaining insights such as trends,
correlations, and outliers. Despite their effectiveness for sighted
users, the inherently visual nature of data visualizations poses sig-
nificant accessibility barriers for blind and low-vision individuals
(BLVIs). Screen readers, which serve as essential assistive technolo-
gies for BLVIs to access digital content, are not optimally designed
to interpret and convey the multidimensional aspects of charts. This
incompatibility is amplified by the complexity of data visualizations,
which often render as multiple data trends, clusters, and correla-
tions, making navigation and comprehension through auditory
feedback alone particularly challenging. Moreover, more complex
chart types, such as scatter plots, further complicate accessibility
due to their non-linear and spatially distributed data points.

The field of accessible visualization research has witnessed sub-
stantial efforts from the community. Traditional accessibility guide-
lines [67] often advise visualization authors to provide alternative
textual or tabular representations of graphical data. This method
theoretically enables screen reader users to access and analyze
data, potentially even applying statistical tools. Yet, this approach
demands significant technical expertise and imposes a heavy cog-
nitive load on BLVIs. The goal of ensuring that BLVIs can access
data as quickly and intuitively as sighted individuals do when they
glance at a visualization highlights the need for simpler and more
effective methods of accessing.

In response, researchers have created numerous approaches in-
cluding different navigational structures that allow screen reader
users to interact with charts through detailed aspects such as in-
sights, axes, data points, and filters, often in customizable ways
[27, 65, 74]. Among the investigated modalities, touch-based expe-
riences [10] have attracted interest for their capacity to improve
accessibility. However, the focus has predominantly been on simplis-
tic touch-to-audio feedback mechanisms, raising a critical question:
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Can screen reader users e ectively process complex information
in a two-dimensional (2-D) space without the bene t of hand-eye
coordination? Our investigation takes this discourse further by
examining the interaction of BLVIs and charts with touchable el-
ements, and identifying previously unrecognized challenges. For
example, we noted that even with immediate feedback like audio
and haptics, BLVIs still frequently face challenges when follow-
ing visual traces like the curve of a line, the boundary of a data
cluster, or simply horizontal directions within a chart. The set of
under-explored challenges makes it di cult for BLVIs to discern
underlying trends, shapes, or relationships among data points dis-
tributed across a 2-D space.

To address the challenges inherent in creating accessible touch
experiences for visualizations, we conducted an iterative partici-
patory design approach, collaborating with two blind smartphone
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equal stakeholders in the design process. Marriott et 4§ hoted
that despite advances, understanding of how to e ectively support
accessible visualizations lags. Elavsky et &] proposed a set of
heuristics for visualization authors aimed at transcending minimal
accessibility standards to create genuinely usable experiences.

In the realm of designing digital and practical assistive technolo-
gies, signi cant strides have been made in di erent venues. Support
from mainstream screen readers such as NVOA JAWS p§, iOS
VoiceOver, and Android TalkBack enables BLVIs to navigate web
pages and mobile applications containing visual content. Despite
these advancements, the majority of online-based visualizations
remain largely inaccessible to screen readers due to the di erent
rendering methods. In the meantime, commercial e orts such as
Audio Graphs L3 and Highcharts 3 have endeavored to o er
accessible alternatives.

users across 13 sessions over eight months. This method diverged  Within the academic community, innovative projects have aimed

from conventional user studies, where blind participants are typi-
cally only introduced to formative or summative prototype86.
Instead, our collaborators were integrally involved in every step
of the design and development process from the outset. We dived
into the speci c challenges faced by BLVIs when using standard
touch-to-audio methods for accessing data visualizations.
Through iterative design and testing, we develop€tartAlly
a system o ering interaction techniques for making line charts, bar
charts, and scatter plots accessible. Ultimately, our blind collabora-
tors could independently navigate complex charts with ChartAl1y,
extracting data insights from multi-series scatter plots comparably
to how sighted users do so. Our contributions in this work include:

(1) ChartAlly, a functional system with multiple interaction
techniques that facilitate non-visual access to complex charts
on smartphones unachieved by prior research, which mostly
focused on simpler visualizations like single-series scatter
plots with clear patterns.

(2) A design journey, which highlights how various assistive
techniques can initially fall short in terms of their e ective-
ness for BLVIs despite our initial expectation that they would
bene t our target users.

2 Related Work

Our work is informed by existing research on (1) accessible visual-
ization experiences for BLVIs and (2) approaches of multisensory
data representation and multimodal interactions in assistive tech-
nology design.

2.1 Accessible Visualization Experiences

Recent e orts within the HCI, accessibility, visualization, and Al
research communities have been directed towards rendering tradi-
tionally inaccessible visual content accessible. A number of stud-
ies [11, 28 35 37, 58 have investigated the current landscape of
chart accessibility, identifying signi cant knowledge gaps and socio-
technical challenges within this domain. Fan et @ pinpointed
prevalent accessibility issues in online visualizations, which are of-
ten crucial for conveying information to BLVIs. Lundgard et 244
emphasized that contemporary technologies may inadvertently
introduce barriers, advocating for clear communication of acces-
sibility needs and the inclusion of individuals with disabilities as

to create more engaging and interactive visualization experiences.
Early initiatives like the iIGRAPH-Lite systermi[] facilitated chart
navigation and caption generation via keyboard inputs. Zong et al.
[74 structured screen reader interactions with chart elements in a
hierarchical manner. Sharif et al.'s VoxLer&] and its subsequent
extension p1] enhanced online visualization accessibility through
voice-activated commands for Q&A and drill-down information
retrieval interactions. Additionally, research has been conducted
on optimizing the textual output received by BLVIs. Jung et al.
[29 explored the necessary levels of textual support. Sharif et
al. [62 looked into methods for communicating uncertainty in
visualizations, discovering a preference among users for statistical
information to be presented in plain language and in a detailed
manner. Leveraging the Olli accessible visualization toolki}, [
Jones et al.77] enabled speech output customizations to simplify
the identi cation and recall of chart information.

Within this landscape, Al has increasingly been employed to au-
tomatically extract content and insights from visualizations. Studies
have introduced interactive and semi-automatic systems for data
extraction from chart imagesd0, 59. Lundgard and Satyanarayan
[43 conceptualized how natural language descriptions could se-
mantically articulate the content of visualizations. Battle et al. de-
veloped Beagleq for automatic insight extraction from online
visualizations. Several works have applied Al solutions, including
transformer models$2 and deep neural networksZ, 33 34, to
summarize and generate natural language descriptions of charts.

2.2 Multisensory Data Representation and
Multimodal Interactions

The integration of multisensory data representations stands as a
signi cantly notable practice within accessibility research, encom-
passing a broad spectrum of assistive technology designs beyond
just data visualizations. Utilizing auditory cues and soni cations,
researchers have signi cantly advanced the accessibility of diverse
digital content for visually impaired usersd] 20, 25 38 47, 48 69.
Speci cally in the context of visualizations, early studies have as-
sessed the e cacy of auditory scatter plots in conveying the direc-
tion and magnitude of correlationslig. Further explorations have
focused on evaluating the usability and e ectiveness of sensory sub-
stitutions [17 and soni ed feedback mechanism89. Prior work
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such asiSonic by Zhao et all] o ers support for visually impaired
users in navigating georeferenced data through enriched auditory
and speech output. Similarly, Seo et al. introduced the MAIDR
system p7] that extends modalities to include braille, alongside
conventional soni cation and textual descriptions. Infosonics by
Holloway et al. R4 integrates diverse audio tracks to facilitate the
interpretation of infographic trends. More recently, Zong et ar§
present visualization, soni cation, and textual descriptions as equal
mediums to enhance accessibility of charts.

Another promising venue to substitute traditional textual feed-
back in accessible visualization and other types of digital media
[8,9, 21,46 51,56 63 is to use multimodal interactions, like touch,
haptics, and vibrotactile feedback(. Noteworthy contributions
include the work by Palani et al 53, which proposed guidelines
for depicting oriented lines on touchscreen devices, leveraging vi-
brotactile stimuli to convey information. Awada et al3] explored
protocols that enable BLVIs to identify geometric shapes on vibrat-
ing touchscreen interfaces. Furthermore, recent work by Moore et
al. [54 investigated spatial-audio enhanced visualizations on touch
screen devices to support BLVIs in learning data trends e ciently.

Given the rich set of works from various research communities,
ChartAlly sets out to explore a distinct aspect. Given the wide-
spread adoption of smartphones, blind individuals are increasingly
likely to interact with charts on their mobile devices. This shift
presents unique opportunities for improving the accessibility of
visualizations, leveraging the inherent multimodal capabilities of
these devices. However, this transition is accompanied by a new
set of challenges. Our aim is to systematically identify these chal-
lenges and, through an iterative design process, develop an e ective
solution to enable accessible touch experience on smartphones.

3 Participatory Design Method

In this section, we introduce the participatory design method em-
ployed in our research, setting the stage for a detailed presentation
of the ChartAlly system design in the subsequent section. This
overview serves to acquaint readers with the foundational approach
underpinning our research, prior to diving into the intricacies of
the design journey itself.

Our research involved two blind co-authors who contributed to
the iterative design process over an eight-month period and 13 co-
design sessions. Unlike traditional research paradigms, where blind
participants may engage solely as subjects in the nal stages, our
collaborators were integral to our iterative design and development
from the outset, responding to calls from the communityg 42.
The accessibility community has also been widely adopting this
co-design approach with BLVI4L 49, 65 66 70. This inclusive
approach ensures that system creation is closely aligned with the

actual needs and experiences of BLVIs, moving beyond passive

participation to active co-creation.
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total), ensuring that the collaborators' ability to perform interpre-
tive tasks was assessed without prior context. For example, both
partners were asked to identify potential correlations between
and. values, distinguish clusters that are obvious to sighted users,
spot outliers in a scatter plot, and compare data distributions from
di erent series.

4 ChartAlly Prototype

We present the nal design iteration of ChartAlly, including its
implementation and interaction techniques. We then describe the
design journey and insights that led to ChartAl1ly in Section 5.

4.1 ChartAlly Overview

ChartAl1ly is built as an Apple i0Smobile application that opens

an existing chart on the Web in an accessible format (Figure 1b).
The rendering of charts is powered by the open-sourced Chart
Reader softwared5, a web-based accessibility engine that takes
in a dataset in CSV format and renders an SVG chart to a web page.
By leveraging this technology, ChartAlly e ectively simulates the
experience of smartphone users encountering visualizations online,
enabling these charts to be opened within ChartA1ly. For simplicity,
we assume that the underlying source data for visualizations are
available. Approaches to overcoming this assumption, which are
well explored in machine learning and computer visiodl 44, 64,

are left to future work. (Similar assumptions have also been made
by recent work in touch accessibility [39, 40].)

4.2 ChartAlly Interactions

ChartAlly is distinguished by its integration of two innovative
modes: (1) the Semantic Navigation Framework (SNF) mode and
(2) the Direct Touch Mapping (DTM) mode. The two modes work
together to provide a comprehensive understanding of charts. The
SNF mode is engineered to o er a VoiceOver-like experience, se-
mantically organizing the chart's navigational structure within the
mobile application. This mode allows users to intuitively explore
the visualizationas if the chart were physically mapped onto the
touch display. Conversely, the DTM mode grants blind users direct
access to data points, simulating a tactile representation of the chart
on the screen. ChartAlly enables users to easily switch between
these modes, maintaining awareness of their position within the
chart or in the semantic navigational structure. In the following
sections, we describe the detailed interactions and corresponding
multisensory data representations of ChartAl11ly.

4.2.1 Semantic Navigation Framework (SCHgrtAlly provides

a semantic navigation framework (Figure 1) that renders di erent
components of the chart semantically onto the touch display for
an accessible touch experience.

Fundamental Interaction Logithe SNF's central interaction is

Each session, lasting between 60 to 90 minutes, commenced with nger-reading [ 31, 71 without encountering any blank areas, as

an update on the system's progress, incorporating insights and

the entire touch space is semantically populated with chart ele-

feedback from the previous meeting. Subsequently, the sessions ments. This design ensures that any touch by users always elicits a

focused on hands-on interaction with the system, where blind col-
laborators were introduced to new features based on their growing
familiarity with the system. To di erentiate learning from testing,
we employed di erent charts for tutorials and tasks (eight charts in

meaningful response, facilitating a continuous and intuitive explo-
ration of the chart's structure and data point§]. Chart elements

10ur use of iOS devices stems from the prevalence of iPhones and their VoiceOver
touch-based screen-reading software among BLVIs.
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Figure 1: The design of the Semantic Navigation Framework mode,
the starting point of how blind users open charts in ChartAlly, and

are rendered as accessible, rectangular views, ensuring that navi-

gation through di erent parts of the chart is straightforward and
e ective, as shown in Figure 1(c)-(f). As users shift their focus
to a new element by panning or swiping left or right, immediate
feedback is provided via VoiceOver announcements or soni cation
audio tones, depending on the selected audio mode.

The navigation begins with an overview of the chart (Figure 1c),
presented as a full-screen view, from which users can dive into four
distinct semantic zones: the axis,. axis, lters, and data points.
Each zone further unfolds into lists of data bins or cells, tailored to
the speci ¢ type of chart being explored. For clarity in subsequent
discussions, we de ne data bins and data cells as such: Data bins
are used to describe aggregated data segments on the. axis,
where data is grouped based on ranges. Data cells refer to discrete
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including (a) the original chart rendered on a web page, (b)
(c-f) the example scenes of using SNF mode.

sections within scatter plots, delineated by intersectingand.
values, facilitating a granular analysis of data point distributions.

VoiceOver Touch and Gesturee SNF leverages the intuitive
touch and gesture controls familiar to blind smartphone users
speci cally, VoiceOver gestures to facilitate access to chart el-
ements. These gestures (Figure 2) include swiping to navigate
through items, double-tapping to drill down to deeper layers of data,
executing a two- nger | -scrub to return to a previous navigation
level, and employing touch to directly select a particular data point.
To accommodate instances where a navigation level contains a
high density of items, a paging mechanism is implemented, which
ensures that each data item is allocated a minimum width or height
su cient for nger recognition. Consequently, users can employ a
three- nger swipe to move seamlessly between pages.
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Figure 2: The design of touch and gestures in the Semantic Navigation Framework, with most similar to VoiceOver's gestures to

give users a similar navigation experience.

Series Switching Rotdn. iOS VoiceOver, rotor is an accessibil-
ity widget that enables convenient mode switching. ChartAlly
introduces custom accessibility rotors for enhanced navigation, in-
cluding a series rotor enabling users to cycle through data series
or access an overview summary. This feature, coupled with the
ability to toggle speci c series in the lter area, enriches the data
exploration experience. To use the rotor, BLVIs can rotate two n-
gers on the screen as if they are turning a dial. After they choose
an option, BLVIs can ick their nger up or down on the screen to
select di erent options. In our case, they can switch between all
data series.

Soni cation Toggle RotoA dedicated rotor toggles soni cation
on or o, replacing visual labels with audio tones. These tones vary
intelligently across di erent scenarios and data series, o ering users
a nuanced auditory representation of the data. The soni cation
settings are adaptable, catering to di erent investigation needs and
personal preferences.

Soni cation and EncodingSoni cation in ChartAl1ly (Figure 3)
is carefully designed to re ect various data attributes. For line and
bar charts, the soni cation strategy employs pitch variation to
represent changes in data values, which was widely adopted in
prior research and productslp, 13 65, allowing users to perceive
trends and uctuations in the data as they move their ngers across
the chart. This method ensures that users can follow the progression
of data points through a continuous auditory experience, where
higher pitches correspond to higher values and vice versa, enabling
an intuitive understanding of the data's highs and lows.

In scatter plots, however, the encoding strategy shifts from fo-
cusing on pitch only to also incorporating tone duration to convey
the density of data points within a chart's grid cell. This adjustment
re ects the unique challenge of interpreting scatter plots, where
the spatial distribution of points conveys signi cant information.
With this enhanced encoding, users can either explore individual
data cells or aggregated data bins in di erent navigational levels.
When engaging with data cells, the soni cation experience is akin
to freely exploring the 2-D space with one's nger, where each
contact with a data cell triggers a distinct audio tone. On the other
hand, navigating through data bins involves a sequential soni ca-

to the next. For instance, in a scenario where a user examines a
data bin along the -axis containing nine data cells, they would
be presented with nine sequential audio tones. These tones vary
from numb sounds, signifying the absence of data points in a
cell, to meaningful musical notes that di er in pitch and duration,
indicating the presence and density of data points.

Accessible Narration Desigrhe design of accessible labels for
each element is a critical component in ChartAlly's navigation
framework. These labels follow a conventional structure by report-
ing the- and. values, along with any related Iter information.
Additionally, we have enriched this basic model with innovative
features to create a more intuitive and informative interaction.

First, we introduced a location-aware and adaptive data narra-
tion feature. It dynamically adjusts the narration based on the user's
interaction with the charts. When a user touches a new position on
the screen or swipes to navigate through data items, ChartA11y dis-
cerns whether the user has landed on a new position or is moving to
an adjacent item. For a new position, the accessible label prioritizes
positional information by announcing the value rst, catering
to the user's need to understand their new location. Conversely,
when navigating to a neighboring data item, the system shifts focus
to announce the value rst, recognizing that the user, familiar
with their current position, seeks detailed data information next.
This adaptive approach ensures that users receive the most relevant
information based on their navigation pattern.

Second, our iterative design process has re ned how we report
data bins in line and bar charts, or cells in scatter plots. An illus-
trative example of this can be seen in the accessible narration for a
scatter plot (Figure 4), where the label rstindicates the percentage
of data points within the current bin, followed by a qualitative de-
scription of the data distribution within that range. This description
varies from very sparsely distributed to very densely distributed,
providing users with a clear explanation of the data's spatial ar-
rangement. Going deeper, users can explore speci ¢ data series
within a bin and access detailed distribution information about data
cells. This layered approach to data narration ensures that users
can both grasp the overall data landscape and explore the minutiae
of data distributions and relationships. Together with the soni ca-
tion toggle introduced above, this integration allows for smooth

tion approach, where users encounter a series of audio tones that switching between descriptive feedback and auditory feedback for

represent each cell within a bin, moving methodically from one

detailed inforation or data trends and distributions, respectively.
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