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Figure 1: Seven design dimensions of accessible visualizations: target user, literacy task, chart type, interaction, information granularity,
sensory modality, and assistive technology. Icons made by Freepik from www. flaticon.com

Abstract

Visualizations are now widely used across disciplines to understand and communicate data. The benefit of visualizations lies
in leveraging our natural visual perception. However, the sole dependency on vision can produce unintended discrimination
against people with visual impairments. While the visualization field has seen enormous growth in recent years, supporting
people with disabilities is much less explored. In this work, we examine approaches to support this marginalized user group,
focusing on visual disabilities. We collected and analyzed papers published for the last 20 years on visualization accessibility.
We mapped a design space for accessible visualization that includes seven dimensions: user group, literacy task, chart type,
interaction, information granularity, sensory modality, assistive technology. We described the current knowledge gap in light
of the latest advances in visualization and presented a preliminary accessibility model by synthesizing findings from existing
research. Finally, we reflected on the dimensions and discussed opportunities and challenges for future research.

CCS Concepts

e Human-centered computing — Visualization; Accessibility;

1. Introduction

As our society is becoming data-driven, visualizations have gone
mainstream. People from diverse backgrounds such as scientists,
journalists, government employees frequently use visualizations to
understand complex data and convey important messages to the
public. Charts and graphs are becoming essential for general edu-
cation as the ability to work with data, also known as data literacy,
is becoming a vital skill for everyone [Shr18]. By leveraging our vi-
sual perception, visualizations enable us to grasp the implications
of data without requiring advanced statistical literacy, contributing
to its wide adoption across disciplines.

Although the visualization field has grown dramatically in recent
years, research on inclusive and accessible visualization design cur-
rently lags behind the pace of this growth [LCI*20]. Visualization
accessibility is still not considered as a standalone visualization
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sub-discipline. Not only are there few papers about accessibility in
the premiere conferences in visualization such as VIS and EuroVis,
but also these conferences currently do not provide any submis-
sion keywords for accessibility [vis]. While supporting the general
public has long been part of visualization research, researchers are
relatively recently acknowledging the importance of addressing ac-
cessibility.

Visualizations have unique challenges in making them accessi-
ble due to their structure and content. As a result, assistive tech-
nology for regular images may not work for visualization images.
Moreover, recent visualizations are more complex and dynamic,
delivering millions of data points through intricate visual encod-
ings and interactions. Addressing these challenges is more critical
than ever. According to recent research in 2017 [BFB*17], around
36 million people were estimated to be blind (~0.4% of the global
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population), while approximately 217 million people had moderate
to severe visual impairment (~3%). The numbers are growing with
the growth and aging of the world’s population. The increasing bar-
riers to access visualizations can widen the information gap for the
blind and visually impaired.

Our goal is to investigate the current knowledge gap in accessi-
bility research in visualization. We surveyed existing research on
visualization accessibility. We collected research papers published
since 1999 by formulating a search query containing related key-
words such as visualization, accessibility, and visual impairment.
We excluded papers that focus on color deficiency and non-data
visualizations such as general diagrams and regular maps without
quantitative data, resulting in a total of 56 papers. We performed
thematic analysis through open coding of the paper collection and
derived a design space for accessible visualization.

Our design space (Figure 1) includes seven dimensions: farget
users—>blind, low-vision, sighted, task—read, write, chart type—
basic statistics charts to advanced visualizations, interaction—
visualize, filter, select, and navigate, etc., information granular-
ity—existence, overview, detail, sensory modality—braille, hap-
tic, sonification, tactile graphic, etc., assistive technology—screen
readers, tactile printers, etc. We describe what each dimension en-
tails and contrast the current state with the recent advances in visu-
alization research.

We also present a preliminary accessibility model that synthe-
sizes and extrapolates findings from artifacts and empirical studies
in our paper collection. The model follows the user’s flow of infor-
mation processing as its primary axis and has four stages: 1) notify-
ing the chart existence, 2) giving an overview, 3) providing details
on demand, 4) bringing context when needed. We incorporate rel-
evant design considerations for different modalities in each stage
of the model. The model serves as an initial baseline but has much
room for expansions to address the complexity and interactivity of
visualizations we face today.

The design space and the model provide a conceptual framework
for comparing and evaluating accessible visualizations. Based on
the lessons learned, we discuss challenges and opportunities for
future research. These include establishing accessibility guidelines
tailored for visualization design, supporting diverse users and visu-
alizations, developing generalizable and affordable methods to en-
sure visualization accessibility, and bridging knowledge between
different sensory perceptions beyond visual perception.

2. Background

The Web is a primary channel for people to access information.
W3C’s Web Accessibility Initiative (WAI) established the Web
Content Accessibility Guidelines (WCAG) in 1999 [WCADb]. The
guidelines outline four accessibility principles—perceivable, oper-
able, understandable, and robust—so that people with disabilities
(e.g., motor, visual, cognitive impairment) can equally navigate and
interact with websites. The WAI provides guidelines for content
producers, along with examples describing the provision of alter-
native text [WAI]. Alt-text translated into accessible forms such as
braille or speech is a de facto standard for non-text content. Many
countries enact laws and policies to ensure accessibility [WCAa].

Accessibility is widely investigated in the field of human-
computer interaction, from user experience studies to the devel-
opment of new assistive technologies [HY08]. Frequently cited
frustrations from blind users when browsing the web include
inappropriate or absent labels, confusing layouts, and missing
links [LAKMO7]. While their browsing behavior is similar to
sighted users, they are less likely to tolerate dynamic page content
not addressed well by assistive technologies. The W3C guidelines
have not proven sufficient in combating these issues [PFPS12].

Websites have become increasingly complex and also progres-
sively inaccessible over the past years [HPZ03]. The web content
has become more diverse such as social media [GCC*19] and doc-
uments with emoji [TGM20], as with technologies such as touch-
screen [MBJ08] and AR/VR [ZHHA17], bringing additional acces-
sibility challenges. Recent research attempts to quantitatively eval-
uate accessibility and develop automatic methods to improve acces-
sibility, such as using AI [WWFS17] or crowdsourcing [BJJ*10].

A major problem that visually impaired people face is the ac-
cessibility of images through screen reader [MJBC18]. When the
screen reader encounters an image or non-text element, it will read
the alternative text embedded into the element. However, the alter-
native text is often not helpful or not present at all, rendering the
image inaccessible to the users [MJBC18]. This problem can be
exemplified in the context of Twitter images, with only 0.1 percent
of Twitter images having alternative text and 17 percent of these
descriptions being completely irrelevant to the image [GCC*19].

Traditional fields such as cartography and diagrams have inves-
tigated accessibility issues. For instance, Hennig et al. [HZW17]
provide an overview of approaches for accessible maps, includ-
ing recommendations for designing interfaces and interactions
(e.g., labeling map elements and providing verbal descriptions).
Wabiriski and Kuzma compare the effectiveness of tactile map tech-
niques [WMK?20]. Lawrence and Lobben [LL11] discuss ways for
encoding information into discriminable symbols for tactile maps,
such as varying the spacing between tactile dots to simulate the
effect of lighter or darker color. On the other hand, Torres and
Barwaldt provide a survey of existing methods for accessible dia-
grams, discussing which approaches alternative modalities and de-
vices used [TB19].

Although these past studies may provide useful insights into ac-
cessible data visualizations, their results are not directly transfer-
able. Data-driven visualizations pose unique challenges for making
the complex yet systematic visual encoding of data accessible, as
well as its interactive manipulations. There have been several stud-
ies for data visualization accessibility hither and thither. However, it
has not been part of the mainstream visualization research and thus
has not been kept up to date with the field’s recent advancements.
Our survey in this work analyzes the past work and highlights the
knowledge gap in visualization accessibility.

3. Methodology

To understand the current state of research in visualization accessi-
bility, we conducted a systematic analysis of the existing literature,
inspired by the grounded theory approach [SC97, WM19]. Figure 2
shows the overview of our data collection and analysis process.
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Figure 2: Overview of the data collection and analysis process. A researcher formulated structured queries to search over publication
archives. Two researchers applied inclusion and exclusion criteria to derive the final paper collection and inductively settled on a stable
consensus set of codes. One of the researchers validated the codes by applying them to the remaining papers. The final design space was
derived and agreed upon by the two researchers. Icons made by Freepik from www. flaticon.com

3.1. Data Collection

We collected papers from digital libraries, including the IEEE
Xplore, the ACM Digital Library, and the Elsevier Scopus database.
We searched titles, abstracts, and keywords of research papers pub-
lished since 1999. We limited our analysis to papers published since
1999 given technological relevance to today’s digital environment.
Our search used boolean search queries with multiple search terms
within the categories of visualization, accessibility, and visual im-
pairment. We used the following query for searching Scopus and
similar variants for IEEE and ACM.

( ( TITLE-ABS-KEY ( ( “visualization” OR “visualisation”
OR graph OR chart ) AND ( “accessibility” OR “accessi-
ble” ) AND ( “visual= impair=” OR blind ) ) AND PUBYEAR
> 1998 ) )

To avoid missing papers from key conferences and journals, we
also specifically searched IEEE TVCG, CHI, ASSETS, CSCW,
and CGF (EuroVis) using a broader search query with keywords
in the same categories. The final search was concluded in Novem-
ber 2020. We combined the search results and removed duplicates,
resulting in an initial corpus of 413 publications.

We guided our final selection of the papers from the initial corpus
by applying inclusion and exclusion criteria. We inspected the ini-
tial corpus, including titles, abstracts, and main texts if necessary, to
evaluate whether the criteria allowed for a well-balanced search or
whether we needed to revise the initial search query. Through mul-
tiple iterations to reach the final collection, two researchers eval-
uated each article on its conformance to the following inclusion
criteria:

e Focusing on accessibility and visual impairment
o Addressing the accessibility of data-driven visualizations

We then flagged each article when meeting the following exclu-
sion criteria:

e Focusing on other types of impairments

e Focusing on physical places or specific hardware/software

e Addressing non-data visualizations such as graphical diagrams
and illustrations

o Artifacts already reported in another publication

e Non-archival research posters

Based on the exclusion criteria, we did not consider color defi-
ciency as it is relatively well-known in the community and excluded
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non-data graphics such as plain maps without quantitative data and
generic diagrams except network graphs. The final collection con-
sists of 56 papers.

3.2. Thematic Analysis through Open Coding

Two researchers went through an iterative coding process to derive
orthogonal design dimensions of accessible visualization.

The researchers inductively derived a stable consensus set of
codes by inspecting a few random sampled papers through open,
axial and selective coding. That is, they identified emergent themes
and codes as they analyzed the selected set of papers. They then cat-
egorized the codes based on relevance Table 1 and further grouped
them into higher-level dimensions. Any conflict was resolved, and
a consensus was reached on demand until both researchers’ coding
was consistent.

After reaching the consensus set of codes and dimensions, one
researcher deductively applied the codes to the rest of the papers.
Although rarely occurred, if the researcher observed new concepts,
they revised the codes as necessary. To a certain extent, this de-
ductive process evaluated the validity of the codes. In the end, this
process resulted in seven design dimensions along with relevant
codes as shown in Figure 4. We explain the dimensions and codes
in Section 4.

3.3. Preliminary Overview of Final Data

Figure 3 shows the number of publications by year and by venue.
We observed a small increasing trend over the past two decades.
ACM ASSETS (11/56) was the most popular venue, while only
three papers are from dedicated visualization conferences, includ-
ing VIS (1/56) and EuroVis (1/56). The three papers were published
only recently, from 2018 to 2020.

To further understand the composition of research contribu-
tions made among these publications, we classified the publica-
tions using the taxonomy from Wobbrock and Kientz [WK16].
The most frequent contribution type was artifact (38/56), while
empirical research is the next (13/56). The four existing surveys
are different from ours in that they focus on specific accessible
modalities such as haptics [EW17a, PR10] or analysis of existing
charts [EW17a, BSP04, FBV*08], not the research literature.
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ness (32/56) and visual impairment (32/56) interchangeably and
focus on addressing the absence of vision using alternative sensory
modalities such as audio and touch. A few studies brie y discuss
low-vision or involve low-vision participants but do not address the
speci ¢ needs of this population [GMSK19, YMRO, ADL 02].

(a) The number of papers by year, broken down by contribution type. The Rare examples are the two studies in which one brie y mentions

chart shows a slight increasing trend. highlighting and magni cation synchronized with screen reading
as [GMS18] and another one compares experiences of totally
blind and partially sighted participants in using - audio-haptic de-
vice [AAH14].

Interestingly, sighted users (5/56) were often part of the target
audience. They were mainly teachers who need to create acces-
(b) The number of papers by venue, broken down by contribution type. AS- 5|t?IeIV|suaI|zat_|ons [BMS_14’ WAYMlQ, TBC 16] or annotatt_a an
SETS is the most popular venue, while VIS and EuroVis have low numbers.8Xisting one with accessible information [FM15] to teach visually
impaired students. Often, teachers themselves were visually im-
Figure 3: Overview of the collected papers used for constructing Paired [AAH14], indicating a distinctive need for the ability to cre-
the design space ate visualizations.

The visualization user base has been expanded to journal-
ists, designers, and casual users who often focus on communica-

4. Design Space tion [LRIC15] or have personal data needs [TLCC17]. As more
Figure 4 shows an overview of the design space. The design di- diverse groups of (sighted) users appreciate the value of visual-
mensions broadly fall into three categorieghy it is accessible ization, more research has been carried out to better support their

— supported users and taskehat is accessible—charts and in- speci ¢ needs based on their personality [ZCIM] or cognitive
teractions, andow it is accessible—level of information details, ~ trait[TCSC13]. However, our investigation reveals a signi cant gap
sensory modalities, and assistive technologies. We describe eact understanding the needs and motivations of people with differ-
dimension's de nition, the current state of support, and the knowl- €Nt types of visual impairmentshich must be the rst step toward
edge gap in contrast to the recent advances in visualization. addressing this particular user group.

4.1. User 4.2. Task

Unlike typical audiences of data visualizations, people with visual R€2ding and creating visualizations are the two distinct higher-

impairment have unique needs. They may not fully leverage the order .Iiteracy.tasks we observed, each.of which is essential for
sense of sight that offers a unique information processing band- visualization literacy [BBG19]. The reading task groups all tasks

width such as pre-attentive processing and visual pop-out, while corresponding to the ability to understand the meaning of visual-

such global processing through other senses such as haptics calfations (44/56), while creating refers to tasks requiring the ability
be overcome to some degree with suf cient training [PJV14]. The

to construct visualizations on their own (12/56). Reading a visu-
termvisual impairment refers to reduced visual acuity of the vi-  alization involves perceiving visual and textual elements using al-
sual eld, ranging from blindness to low vision. The decreased ternative sensory channels, for example, retrieving speci c values
visual function interferes with daily abilities such as reading and

from a tactile bar chart. Creating, on the other hand, requires inter-
driving. There are various vision symptoms as blurred vision, loss

acting with user interface components to specify visual encodings.
of central or peripheral vision, and extreme light sensitivity [The]. 1€ lattér is much more nuanced to support, and relatively few pa-

Figure 5 show simulated examples of seeing a visualization image pers tackle this task. Figure 6 shows two example tools for creating
with vision disabilities. accessible visualizations.

According to the International Classi cation of Diseases (ICD) We f_°“”‘_‘ tha_t a _maJorlty of the papers are published outside
the major visualization conferences and thus do not follow, or are

published by WHO [idc],Blindnessis de ned as visual acuity i £ th tablished task bularies in the visuali
worse than 3/60. It means a visually impaired person would have not aware of, the establshed task vocabuaries In the visualiza-

to come at least within 3 meters to see a target clearly when the N eld [LPP 06, BM13]. It is now well known that tasks play

average sighted could sharply see the same target from 60 meteré”t‘n Imspégigt éﬂién doetermlrlnng the effectlvr(:nessiofka vflsuallza-
away. The de nition oflegally blind may differ from country to 10" [ ' 1. Our analysis suggests the curieck of un-

country; for example, in the U.S., it is de ned as visual acuity less de_rstapding on what visualiz_ation tasks visually impaired people
than 6/60.Low-vision refers to impaired visual acuity that cannot prlmarlly .perform and how differently they. perform th? tasks us-
be corrected by regular glasses. According to ICD, A person with Ing non-visual chann_erA better under_standln_g of non-wsugl tasks
the best-corrected visual acuity of worse than 6/12 or 6/18 is con- W'." b? necessary to inform the effective design of accessible visu-
sidered to have a mild to moderate visual impairment, while visual alizations.

aculity of less than 6/60 means a severe vision impairment. 4.3. Chart Type

We observed that most papers in our collection do not necessarily Most studies do not go beyond basic statistical plots such as bar
distinguish the various types of visual impairments. They use blind- charts, line charts, pie charts, and scatter plots that take up around
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Figure 4: A sankey diagram showing the proportional relationship among design dimensions. The dimensions are arranged based on a
design process of an accessible visualization: user, task, chart type, interaction, granularity, modality, and technology.

. . . . . Figure 6: (A) SVGPlott [WM10] providing an accessible interface
Figure 5: (A) Clouded and spotted vision as caused by Diabetic ¢, reating audio-tactile charts in SVG format. (B) Tactile graph-

Retinopathy, (B) loss of peripheral vision as caused by Glaucoma, g pe|ner [FM15] allowing for annotating a tactile chart with ad-
(C) loss of central vision as caused by Macular Degeneration and ditional audio-based information.

(D) blurry vision as caused by Cataracts, generated using See
Now's sight loss simulator [Now]

Godfrey et al. [GMS18] similarly used annotated SVG to support
accessible navigation of the underlying chart structure.

80% of all charts. Some of the advanced charts, such as statisti- While the popularity of the standard charts still persists today,
cal maps (6/56) and network graphs (4/56), were also common. we have seen an enormous growth of more advanced visualizations
While most papers focus on a few selected charts, two of them such as spatio-temporal visualizations [BOA] and multivariate
present more generalizable accessibility methods across differentdynamic networks [NSML19]. We also see a plethora of innovative
chart types. ASVG [WOH15] adds accessible information using custom and personal visualizations in the wild such as in data jour-
custom attributes in SVG elements and supports navigating the in- nalism and visual arts, which might involve non-traditional marks
formation by following the hierarchical structure of the elements. and layouts. The visual complexity of modern visualizations poses
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