Photosensitive Accessibility for Interactive Data Visualizations
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Fig. 1. Three visualizations with navigation (A) [55], filtering (B) [13], and selection (C) [23] interaction mechanisms from our database
subset of 375 online D3 visualizations annotated for photosensitive accessibility. Each of the three visualizations in this figure are
inaccessible because they are capable of producing flickering sequences that could induce seizures when viewed by people with
photosensitive epilepsy.

Abstract—Accessibility guidelines place restrictions on the use of animations and interactivity on webpages to lessen the likelihood of
webpages inadvertently producing sequences with flashes, patterns, or color changes that may trigger seizures for individuals with
photosensitive epilepsy. Online data visualizations often incorporate elements of animation and interactivity to create a narrative, engage
users, or encourage exploration. These design guidelines have been empirically validated by perceptual studies in visualization literature,
but the impact of animation and interaction in visualizations on users with photosensitivity, who may experience seizures in response to
certain visual stimuli, has not been considered. We systematically gathered and tested 1,132 interactive and animated visualizations
for seizure-inducing risk using established methods and found that currently available methods for determining photosensitive risk are
not reliable when evaluating interactive visualizations, as risk scores varied significantly based on the individual interacting with the
visualization. To address this issue, we introduce a theoretical model defining the degree of control visualization designers have over
three determinants of photosensitive risk in potentially seizure-inducing sequences: the size, frequency, and color of flashing content.
Using an analysis of 375 visualizations hosted on bl.ocks.org, we created a theoretical model of photosensitive risk in visualizations
by arranging the photosensitive risk determinants according to the degree of control visualization authors have over whether content
exceeds photosensitive accessibility thresholds. We then use this model to propose a new method of testing for photosensitive risk that
focuses on elements of visualizations that are subject to greater authorial control — and are therefore more robust to variations in the
individual user — producing more reliable risk assessments than existing methods when applied to interactive visualizations. A full copy
of this paper and all study materials are available at https://osf.io/8kzmg/.

Index Terms—accessibility, photosensitive epilepsy, photosensitivity, interaction, data visualization
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INTRODUCTION

Interaction is a critical component of modern data visualization design.
As we visualize larger and more complex datasets with greater com-
puting power, users will often need to apply filters, change views, or
drill down in order to effectively gain knowledge [49]. Visualizations
that respond rapidly to interaction have been found to facilitate more
exploration than those with high latency [36], creating an additional
impetus for developers to produce highly responsive visualizations.
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However, sequences that include sudden changes to color, size, or
other aspects of visual appearance are known to be potential triggers
for people with photosensitivity. Individuals with photosensitive health
conditions, such as photosensitive epilepsy, may experience seizures
when exposed to certain light stimuli [25]. The consequences of en-
countering inaccessible content can be severe for someone with photo-
sensitivity. In addition to seizures, individuals report suffering loss of
motor control and neurological symptoms that last for days after expo-
sure [33]. Navigating online spaces while avoiding seizure-inducing
content is a challenging task for people with photosensitivity [53].
Social media sites such as Twitter and Reddit often serve GIFs and
videos containing dangerous flickering effects without warning. Many
individuals do not know they have photosensitive epilepsy until they
experience their first light-induced seizure [25], making it even more
critical that online content creators ensure that their work is accessible
for those with photosensitivity and does not contain dangerous flicker
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effects.

Prior work has established that data visualizations are capable of pro-
ducing seizure-inducing sequences as a result of data manipulation [22]
and user interaction [52], but to date no systematic work has been
conducted to formalize how data visualizations might be inaccessible
to those with photosensitivity. In this paper we present our work to-
wards addressing this gap. We collected screen recordings of a primary
tester interacting with 1,132 online visualizations and evaluated them
for seizure-inducing content with a state-of-the-art photosensitive risk
detection system for video files called PEAT [19]. When conducting
a replicability check with a secondary tester, we found a concerning
amount of variation between the PEAT results from the two testers.
Visualizations that seemed photosensitive-safe and accessible when
interacting with one tester were revealed to be inaccessible and po-
tentially seizure-inducing when used by a different individual with
different interaction behaviors.

This variation in photosensitive risk of interactive visualizations
between test users is the result of using a system built for analyzing
static artifacts with complete authorial control (i.e., GIFs and videos
that present the same sequences regardless of the characteristics of
the individual doing the testing) to test dynamic artifacts that may
depend significantly on the person doing the testing (i.e., interactive
visualizations). To effectively evaluate the photosensitive risk of inter-
active visualizations, we need a better method that can more reliably
determine whether an interactive visualization is photosensitive-safe,
regardless of variations among testers. In this paper we introduce a
novel theoretical model defining how flicker can occur in interactive
visualizations and how three determinants of photosensitive risk (the
size, frequency, and color of a given flicker [26]) may be manipulated
in interactive visualizations (Section 4). In particular, the model defines
the degree of control visualization designers have over whether a flicker
exceeds the size, frequency, and color photosensitive safety thresholds.

Based on this model, we also present a closer look at how visu-
alization designers can create photosensitive-safe color palettes for
interactive visualizations and contribute a method for determining pho-
tosensitive risk using a JSON (JavaScript Object Notation) specification
of visualization interaction techniques. Our method accounts for poten-
tial conflicting accessibility needs between those with low vision (who
require high contrast colors in visualizations) and those with photosen-
sitivity (who are more likely to be triggered by color changes with high
contrast) by simultaneously assessing photosensitive accessibility and
contrast accessibility in interactive color palettes.

In summary, this paper makes the following contributions:

¢ A procedure and script for batch testing screen recordings with
state-of-the-art existing risk detection software (PEAT [19]).

A dataset of interactive visualizations annotated for photosensitive
risk.

¢ A theoretical model of photosensitive risk in interactive data
visualizations, building off prior models for photosensitive risk in
static media.

* A novel method for testing accessibility of color palettes in inter-
active visualizations.

We additionally contribute a discussion of strategies for how visu-
alization researchers can make their interactive visualizations more
photosensitive accessible. All study materials are available at https:
//osf.io/8kzmg/.

2 RELATED WORK
2.1 Accessible data visualization

There has been a recent push to encourage more research on how to
make data visualizations accessible for users with a range of abili-
ties [40]. A significant amount of work has focused on accessible
visualization for those with visual impairments through textual descrip-
tions [32, 38], data sonification [21], data physicalization [31], and
extracting chart features from inaccessible raster images [20]. Other
work has examined how color maps in visualizations can be made more
accessible to people with color vision deficiency (CVD) [39]. In a

reflection on accessible visualization research and its pitfalls, Lundgard
et al. emphasized the need for work that uses existing accessibility
guidelines to steer and expand research inquiries [37]. Our work builds
on prior accessibility guidelines for photosensitivity published in the
Web Content Accessibility Guidelines (WCAG 2.0) [17] by extending
the established model of photosensitive risk to apply to interactive me-
dia that is dependent on the individual user, unlike static GIFs or videos.
Wau et al. examined how conventional design guidelines might create
obstacles for people with Intellectual and Developmental Disabilities
(IDD) when engaging with data visualizations [62]. We take a similar
approach in this paper by identifying instances where conventional
design guidelines might lead to visualizations that are not accessible for
people with photosensitivity, a disability that has not been sufficiently
considered in prior work on accessible visualizations.

Flicker and other forms of animation have been examined in data vi-
sualization and HCI research as methods for guiding attention [41,58],
facilitating interaction [41,61], and ameliorating cybersickness [35].
The first mention of flicker in the context of photosensitive accessibility
for visualizations occurred when Conti et al. demonstrated that seizure-
inducing sequences could be produced by a hypothetical malicious
attacker manipulating the data represented in mission-critical visualiza-
tions [22]. Similarly, South & Borkin established that seizure-inducing
sequences could be produced via interaction alone in web-based vi-
sualizations [52]. While both works were valuable in demonstrating
the potential for visualizations being inaccessible to people with pho-
tosensitivity, neither of the two papers examined in detail how a vi-
sualization might be designed to prevent the accidental production of
seizure-inducing sequences. We build on this work by contributing
an photosensitive accessibility analysis of over 1,000 interactive visu-
alizations, demonstrating the lack of reliability in currently available
accessibility testing programs, defining a formal model of photosensi-
tive risk in interactive visualizations, and implementing a novel method
for ensuring visualizations are safe for photosensitive users.

2.2 Accessibility for photosensitivity

Research on accessibility for people with photosensitivity has primar-
ily focused on detecting seizure-inducing content in GIFs [53] and
videos [4,7, 18], as both media types have been used to orchestrate
malicious attacks against people with photosensitivity on social media
(e.g., [3,16,33,46]). The previously mentioned tool PEAT [19] is
widely used for checking the safety of videos posted to the internet,
while the Harding Flash and Pattern Analyzer [56] is used by broadcast
companies to ensure videos shown on television are photosensitive-
safe. Several new systems for assessing photosensitive risk have been
released in the past ten years, ranging from a rule-based algorithm for
real-time detection of seizure-inducing content in video feeds [4] to
a machine learning algorithm for removing seizure-inducing content
from videos [7]. In this paper, we tackle the issue of photosensitive
safety in a new context that has not been considered in prior work:
interactive data visualizations.

3 ANALYSIS OF INTERACTIVE AND ANIMATED VISUALIZATIONS
3.1 Preliminary dataset

In our first step towards understanding the role of photosensitive risk in
interactive visualizations, a single coauthor created screen recordings
of interactions with 1,132 unique D3 [12] visualizations collected by
Hoque & Agrawala with a web crawler [30]. The dataset includes visu-
alizations from a wide range of sources including news websites and
digital publications (e.g., New York Times [63], visual essays on The
Pudding [47]), and homework assignments! and demos of visualization
techniques for new developers (e.g., [15]). Each screen recording was
then tested for seizure-inducing content [19], an open-source photosen-
sitive risk detection system. PEAT is the industry standard for detecting
dangerous flashes in videos and is often used as a benchmark in sci-
entific studies involving the photosensitive risk (e.g., [2,4,53]). The
procedure used to create all of the screen recordings is included in the
Supplemental Material. All recordings were produced by one coauthor
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Fig. 2. Frequency of visualization types among visualizations labelled as potentially seizure-inducing during our preliminary analysis (Section 3.1).
Our preliminary dataset consisted of screen recordings of 1,132 D3 visualizations tested for seizure-inducing content with PEAT, a state-of-the-art

photosensitive risk detection system.

according to a written procedure (included in Supplementary Materials).
Recording length varied depending on the complexity of the visualiza-
tion and the number of interactions implemented by the creator or the
length of the animation (minimum duration of two seconds, maximum
69 seconds). This process produced our first contribution: a dataset
of 1,132 screen recordings of interactive and animated data visualiza-
tions, including 100 recordings (8.8%) that were labelled potentially
seizure-inducing by PEAT. The visualizations labelled as potentially
seizure-inducing by PEAT spanned a range of visual designs (Figure
2). Maps were most common among dangerous visualizations (42),
followed by bar charts (11), animated illustrations of algorithms (8),
and line charts (7). All screen recordings and PEAT analysis reports
are available at https://osf.io/8kzmg/.

3.2 Replicability of testing procedure

To test the replicability of our methodology, we asked a second indi-
vidual to produce screen recordings of a 10% stratified random sample
consisting of 132 visualizations from the main dataset. The secondary
tester was a full-time Research Assistant in a data visualization re-
search group with significant course and real-world experience in data
visualization comparable to the primary tester. The secondary tester
was given the same written procedure to follow that was used by the
primary tester when creating recordings (included in Supplementary
Material). The secondary tester was not informed whether any of the
visualizations were labelled hazardous by PEAT during the primary
testing phase. The primary and secondary testers’ independent PEAT
results had a Cohen’s kappa equal to 0.622 (95% confidence interval:
[0.402,0.842]), which indicates only moderate agreement [59].

The moderate agreement score across the two testers brought into
question the validity of the testing procedure used in our preliminary
analysis. This discrepancy demonstrated that we needed a better way
to measure photosensitive risk in interactive visualizations. We need
a method that takes into account the variation in individual behaviors
when interacting with the visualizations. In other words, a way of
evaluating photosensitive risk based on aspects of a visualization that
are not controlled by the tester (i.e., aspects that are subject to authorial
control). Existing methods were developed to test media that have total
authorial control, such as GIFs and videos, where the content does not
depend on the individual viewing it. But the sequences produced by
interactive visualizations can vary depending on the person interact-
ing with the system, so testing screen recordings with systems such
as PEAT is not a reliable way to tell if a visualization is potentially
hazardous or not. In order to more effectively and reliably evaluate the
potential photosensitive risk of an interactive visualization, in the next
subsection we more closely examine the source of variability between
user interaction styles.

3.3 Detailed analysis

After determining that we only had moderate levels of inter-rater agree-
ment when using the testing approach described in Section 3.1, we
wanted to investigate the sources of variation that caused certain visual-
izations to be labelled as potentially seizure-inducing by one rater and
not another. To understand more about where the variation between
testers originated, we focused on the subset of visualizations hosted on
bl.ocks.org, henceforth referred to as the Blocks subset. We chose
to focus on these interactive visualizations as all their source code and
data are publicly available. More specifically, regarding sources of vari-
ation, we were interested in examining how each visualization handled
animated transitions between states in response to interaction, as a user
who interacts very quickly with a system might produce a rapid flicker
that is more likely to be labelled as seizure-inducing by PEAT than a
user who interacts more slowly. For each visualization in the Blocks
subset, we recorded what types of transitions were precipitated by user
interaction. Our coding was based on Heer & Robertson’s taxonomy
of transitions [29]. As the taxonomy of transitions does not take into
account the transition of an individual element in a non-transitioning
visual encoding, e.g., selection and highlighting, we contribute an addi-
tional four transition types used to indicate selection that were recurrent
in our dataset. We identified 11 transition types in our analysis, and
present each below with a definition and example for each type:

1. View transformation/navigation: A change in viewpoint, similar
to a camera moving in space (e.g., panning and zooming in Figure
1A [55] and Figure 5 [11]).

2. Substrate transformation: Changes to the spatial substrate in
which marks are embedded (e.g., axis rescaling [51]).

3. Filtering: Elements are shown or hidden based on data attributes
(e.g., Figure 1B [13]).

4. Ordering/sorting: Visual elements are rearranged in response to
manual input or as a result of automatic sorting based on a data
attribute(e.g., [5]).

5. Timestep: Temporal changes are applied to data values (e.g.,
Figure 9 [43]).

6. Visualization change: The visualization type or the visual en-
codings within the same visualization type change in response to
user interaction (e.g., [9]).

7. Data schema change: The visualized data are changed in some
manner, such as adding new data points and attributes or drilling
down in a hierarchical data structure (e.g., [6]).

8. Selection (Fill): Changes to a visual element’s fill color are used
to indicate the user’s selection (e.g., Figure 1C [23]).

9. Selection (Stroke): Changes to a visual element’s stroke color
are used to indicate the user’s selection (e.g., [54]).

10. Selection (Size): Changes to a visual element’s size are used to
indicate the user’s selection (e.g., [27]).
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Fig. 3. Visualizations that apply gradual animations with a duration greater than 350ms are less likely to produce flicker effects that can cause
seizures when viewed by someone with photosensitivity [28]. We labelled each of the visualizations in the Blocks dataset according to the transition
type and whether an animated transition was used to ease between states.

11. Selection (Tooltip): The appearance and/or position of a tooltip
is used to indicate the user’s selection (e.g., [50]).

With this more detailed labeling of the transition types present in the
visualizations included in the Blocks subset, we were able to record
whether the transitions were implemented as “jump cuts” (i.e., a sud-
den change between states) or if they were implemented with gradual
animations easing between state changes. Flashes may be seizure-
inducing if they occur more than three times per second [26], assuming
additional thresholds for the area and color of the flicker are exceeded
(see Section 4.1). Transitions that have a gradual animation lasting
more than approximately 350ms are therefore more likely to be acces-
sible for someone with photosensitivity than a visualization that uses
abrupt jump cuts for all transitions.

Figure 3 summarizes the proportion of photosensitive-safe animated
transitions in our dataset for each transition type observed in our Blocks
subset. We recorded 506 transitions in total across 375 visualizations.
Selection (Fill) was most common (118 transitions; 23%), followed by
Selection (Tooltip) (64 transitions; 12.6%). Stroke and size were less
commonly used to indicate a selection, occurring only 27 (5.3%) and
21 (4.2%) times. Following Selection (Fill), Sorting/Ordering and Data
Schema Change were the second and third most common transition
types, appearing 78 (15.4%) and 70 (13.8%) times.

Approximately two-thirds of transitions observed in the Blocks sub-
set used jump cut transitions, meaning there was no animation easing
between states of the transition (349 out of 506 total transitions; 68.8%).
Jump cut transitions were most common among Sorting/Ordering (73
out of 78 transitions; 94.5%), Selection (Stroke) (26 out of 27 transi-
tions; 96.3%), Navigation (38 out of 50 transitions; 76%), and Selection
(Tooltip) (53 out of 64 transitions; 82.8%) transition types. Jump cut
transitions are not necessarily inaccessible for those with photosen-
sitivity — photosensitive risk also depends on the size and color of a
given flicker (Section 4) — but they can help to limit how rapidly a
flicker effect repeats within an interactive visualization. The lack of
gradual animated transitions in the Blocks subset may begin to explain
the variation among testers we found in Section 3.1.

Even among visualizations that did incorporate gradual animated
transitions to ease between transition states, 34 transitions were im-
plemented with a duration that was too short to effectively prevent a
dangerous flicker from occurring. As we will discuss in Section 4.3, a
gradual animated transition must last at least 350ms to ensure that the
photosensitive safety threshold for frequency is not exceeded (i.e., the
flash does not occur more than three times per second). This means that
a particularly vigorous user interacting quickly with one of these visual-
izations could still hypothetically generate seizure-inducing sequences,
despite their use of gradual animated transitions.

Our detailed analysis of the Blocks subset reveal that although grad-

Percentage of population Percentage of population

Fig. 4. A map [42] with the Selection (Fill) transition demonstrates how
internal element flicker occurs when a visual element changes color in
response to user interaction.

ual animated transitions might remove some of the user variability that
we observed when testing screen recordings of interactive visualization
with PEAT, most visualizations did not include such transitions, or in-
cluded animated transitions that were too short to ensure photosensitive
accessibility. By analyzing the Blocks subset and looking for sources
of user variability, we developed a theory of authorial control over
photosensitive risk in visualizations. This theory, which is described in
detail in Section 4, defines the level of control a visualization creator
holds over each of the three determinants of photosensitive risk (size,
frequency, and colors of a flicker). We use examples from the Blocks
subset to demonstrate how visualization creators have little control over
the size of a flicker in an interactive visualization, but have almost
complete control over the colors included in a flicker.

4 MODEL OF INTERACTIVE PHOTOSENSITIVE RISK

In this section, we describe the conventional model of photosensitive
risk, which defines three thresholds (size, frequency, and color) that a
flicker must exceed to be considered potentially seizure-inducing [28].
This model has been successfully used to detect seizure-inducing con-
tent in static media formats, such as videos and GIFs (e.g., [4,19]), but
has not previously been applied to interactive media formats. Using
observations from our dataset of interactive visualizations (Section 3.3,
we extend this model to account for variation among users inherent
in interactive data visualizations. We begin by defining two ways that
flicker can appear in interactive visualizations and continue by introduc-
ing the three determinants of photosensitive risk and examining their
behavior in the context of interactive data visualizations.
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A flash is a pair of opposing changes in relative luminance (i.e., light-
dark or dark-light). We will use the term flicker to refer to a series of

Flicker types



Flicker attribute Photosensitive safety threshold Mitigation techniques

Size (Section 4.2) Occupies less than 10% of the central | N/A
visual field (approximately 200-300px
square on computer screen or 50-70px
square on mobile device [24])

Frequency (Section 4.3) | Occurs at a rate of less than 3 flashes per | Gradual animated transitions

second

Color (Section 4.4) Li—Ly, <0.1 xLjor Ly >0.8, where | Use colors with similar levels
Ly is the relative luminance of the | of saturation and luminance in
brighter color incorporated in the flash | flickering elements
and L, is the relative luminance of the
darker color

Table 1. Summary of three attributes of a flicker effect that determine whether it is considered a photosensitive hazard [26]. All three thresholds (size,
frequency, and color) must be exceeded for a flicker to be considered seizure-inducing.

Fig. 5. An example of adjacent element flicker found in an interactive D3
map [11]. Although individual elements do not change color on interac-
tion, a flicker effect occurs as the black landmasses and white oceans
alternate covering the same screen area when the user repeatedly pans
(bottom) and zooms (top).

flashes. A flicker can cause a seizure if it occupies a large enough area,
occurs at the right frequency, and incorporates a sharp enough change
in relative luminance. Flicker can occur in interactive visualizations in
two ways: First, a visualization might produce internal element flicker
if the color of visual elements change in response to user interaction. A
common example of a singular flash that could produce a flicker when
repeated several times is when a visual element changes color to show a
user their current selection in a chart (Figure 4). Second, a visualization
can produce adjacent element flicker if elements may be rearranged
or resized within a visualization. Even if the color of the elements is
not directly changed by user interaction, a flicker effect can be formed
as a result of rapid movement of multiple elements against a constant
background. Interactive maps are a common source of adjacent element
flicker (e.g., Figure 5).

Accessibility guidelines (e.g., WCAG Success Criterion 2.3.1 [17])
have used EEG-based empirical studies measuring brain response to
establish thresholds for three determinants that control the seizure-
inducing potential of a flicker: size, frequency, and color [26] (Table 1).
A flicker that exceeds all three risk factor thresholds is likely to cause a
photosensitive response when viewed by someone with photosensitivity.
These thresholds are not dependent on individual screen settings, such
as brightness and contrast. Content with flashes may be less likely
to cause seizures if viewed on a screen with low brightness, but a
designer looking to make accessible content must ensure that their
work is accessible even in a hypothetical scenario where it is viewed at
maximum brightness. In the remaining sections we will summarize the
three determinants included in the traditional model of photosensitive

risk for static media (e.g., GIFs or videos) and discuss how they may
be applied to interactive data visualizations.

4.2 Size

A flicker may be dangerous if the total area of concurrent flashes oc-
cupies a solid visual angle of > 0.006 steradians, which equates to
approximately 10% of the central visual field or 25% of the area of a
television screen at a standard viewing distance [28]. Most photosen-
sitive risk thresholds are defined in the context of viewing content on
a television screen because they predate mobile device usage, but the
formulas can be extended to account for other screen types. Assuming
standard viewing distances on desktops and mobile devices, flicker may
be dangerous if it occupies more than a 200-300px square on a desktop
monitor or more than 50-70px square on a mobile device [24].

In terms of interactive data visualizations, this means that elements
that change colors in a visualization are more likely to be dangerous if
they occupy a large area (e.g., areas in an area chart) rather than a small
area (e.g., points on a scatterplot). Visualization creators can control
the initial size of visual elements and their relative size within the
visualization. They can also place limits on zoom behavior to restrict
how large an element can become (e.g., D3’s scaleExtent) or choose not
to implement zooming at all in the visualization. But once the user is
interacting with the visualization they can accidentally or intentionally
zoom in using the web browser, potentially bypassing any zoom limits
set by the creator.

Because all three thresholds must be exceeded for content to be
considered a photosensitive hazard, a visualization designer might
choose to restrict color changes to smaller elements in a visualization.
Such a visualization might pass a traditional photosensitive risk test
with a system like PEAT, where the designer creates a screen recording
of themselves interacting with the system as they intended it to be used.
But if a different person using the visualization is not accustomed to
the interaction techniques implemented in it, they might accidentally
use the browser to increase the size of visual elements. Depending on
whether the frequency and color thresholds (Sections 4.3 and 4.4) are
exceeded, a visualization that was safe in the hands of its creator might
now pose a risk to photosensitive users. In other words, a visualization
that is safe only because flickering visual elements are small is not
reliably safe in all scenarios. The size threshold for photosensitive
risk is not robust for ensuring the safety of internal element flicker or
adjacent element flicker in interactive data visualizations.

4.3 Frequency

A flicker may be hazardous if it includes more than 3 flashes (i.e., pairs
of opposing changes in relative luminance) in any one-second period.
Any flicker that occurs at a rate greater than 3 times per second may
be considered hazardous, depending on whether the other two thresh-
olds are exceeded. Different users will interact with visualizations at
different speeds, which will in turn produce internal element flicker
and adjacent element flicker at different frequencies, but a degree of
authorial control over flicker frequency can be found in some scenarios.
Visualization creators can exert authorial control over the maximum
frequency of a given flicker by attaching gradual transitions with a



duration greater than 350ms to user interaction events (e.g., D3 transi-
tions2), thereby preventing the flicker from occuring more than three
times per second. Transitions can be used to ease adjacent element
flicker by attaching transitions directly to pan and zoom transformations
of the visual representation. Gradual transitions are not appropriate in
all scenarios; interaction lags may decrease user engagement [36] or
impact usability in a system that requires many successive interactions.

In summary, the frequency threshold applied to interactive data
visualizations can be robust for ensuring the safety of a flicker if
gradual transitions are used to ease animations between states, but
delayed transitions could introduce additional usability problems in
some applications by preventing quick interactions.

4.4 Color

According to accessibility guidelines, the photosensitive risk present in
a given flicker is in part determined by the two colors (one lighter and
one darker) that form the flash. More specifically, photosensitive risk is
determined by the difference in relative luminance between the brighter
color (L) and the darker color (L;). Relative luminance is a normalized
value between 0 and 1 representing the relative brightness of any point
in a colorspace [1]. If L} —L, > 0.1 x L and L, < 0.8, the general flash
may be hazardous. Many people with photosensitivity are particularly
sensitive to the color red [8], so red flashes are considered separately
from general flashes. Accessibility guidelines do not currently give an
explicit definition of safety thresholds for red flashes, so we focus on
general flashes in this work.

In most cases, a visualization creator has complete authorial control
over the colors present in any flicker that arises from their visualization.
Unlike the size and frequency of a flicker, a user cannot easily make
changes to the colors shown in a visualization that produce a flicker ef-
fect. This makes color the most robust threshold in terms of controlling
photosensitive risk in interactive visualizations. A visualization that
has photosensitive-safe colors for all possible internal element flickers
and adjacent element flickers will be robustly safe regardless of how an
individual user chooses to interact with the visualization.

4.5 Model Summary & Discussion

Three characteristics determine whether a flicker is considered a photo-
sensitive risk (i.e., capable of causing a seizure): size, frequency, and
color. Each characteristic has a specific safety threshold that is used to
determine if content is hazardous or not. All three thresholds must be
exceeded for a sequence to be considered inaccessible for someone with
photosensitivity. In the preceding section, we have defined a model
connecting each of the three determinants of photosensitive risk to the
domain of interactive visualizations. In particular, we demonstrated
that the size threshold can be easily bypassed by a user, accidentally
or intentionally, by zooming in on elements in the browser (Section
4.2). The frequency and color thresholds, in contrast, can be robustly
controlled by visualization creators to ensure that visualizations are
not capable of producing seizure-inducing flickers. The frequency at
which a flicker occurs in a visualization can be limited to stay below
the safety threshold by applying a gradual transition with a duration
of at least 350ms (Section 4.3). This can be easily implemented in D3
visualizations using the d3-transitions functionality>. The color safety
threshold is also robust to variations among individual users, as users
cannot easily change the colors in a visualization beyond what was
originally intended by the creator. However, no tool currently exists
to automatically assess the photosensitive accessibility of the colors
used in a given visualization. In the next section, we introduce our final
contribution: a method for analyzing photosensitive risk based on the
colors and interaction techniques used in a visualization.

5 PHOTOSENSITIVE-SAFE COLOR PALETTES

In the previous section, we discussed three characteristics of a flicker
(size, frequency, and color) that determine whether or not it is consid-
ered seizure-inducing. Our model of photosensitive risk in interactive

2https ://github.com/d3/d3-transition
3https ://github.com/d3/d3-transition

No photosensitive risk

x
»

Violates general flash color threshold
X
X
Fig. 6. An example demonstrating how the same color palette (in this
case, D3’s Category10 colormap) can be used to create visualizations

that are accessible (left) and not accessible (right) for those with photo-
sensitivity.
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F08123  0.34
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visualizations defined the degree of control that visualization creators
have over each determinant of photosensitive risk and identified color
as an aspect of photosensitive risk that is almost entirely controlled by
the visualization creator. The size of a flickering element in an online
visualization cannot be controlled by the designer because users can
use the browser to change the size of the visualization, intentionally
or otherwise. Similarly, if a visualization does not incorporate gradual
animated transitions, designers have no control over how quickly the
user interacts with the system and, by extension, little control over the
frequency of any flickers present in the visualization. Color, on the
other hand, is entirely controlled by the visualization designers and
cannot be changed by the user in most instances.

A visualization with photosensitive-safe colors is robustly safe re-
gardless of individual interaction behavior, but determining whether
the colors in a visualization are capable of producing dangerous flicker
is a nontrivial problem. The same colors used in various ways can
produce visualizations with vastly different levels of photosensitive
risk. As demonstrated in Figure 6, two bar charts that both use D3’s
categoryScheme10 categorical color palette in different ways result in
one safe and one hazardous interactive visualization. The first uses
the categorical color palette to fill each bar and a black stroke outline
provides visual feedback to the user about their current selection. The
second uses the first color in the categorical palette as the initial fill
color and changes the fill to an orange color to indicate the user’s
selection. The first bar chart has photosensitive-safe colors because
the area that changes color is very small, while the second bar chart
could be hazardous due to the change in fill between blue and orange
on selection. In this section, in order to enable visualization designers
to evaluate the accessibility of their creations, we contribute and de-
scribe the implementation of a Python script for testing photosensitive
safety of color palettes in interactive visualizations. The script and
examples of its use are both available in Supplemental Material or at
https://osf.io/8kzmg/.

5.1 Assigning color roles

To determine the photosensitive safety of a given color scheme, we
need to know the colors in a visualization and their roles in the in-
teraction mechanisms of the visualization. This allows us to locate
where internal element flicker and adjacent element flicker might occur
and make changes to color schemes to ensure that the flickers do not
exceed the color thresholds described in Section 4.4. We can define
all colors capable of contributing to an internal element or adjacent
element flicker in a visualization using the JSON (JavaScript Object
Notation) specification demonstrated in Figure 7B. Each element in the
specification must have a unique ID and an initial-£fill (i.e., a hex
code representing the color of the element prior to any user interaction).
The visualization specification may include a background element
(indicated by the ID attribute) to specify a background color other than
the customary white (#FFFFFF). Elements may also have the following
optional attributes to capture more specific interaction behaviors:

e focus-£fill: One or multiple colors other than initial fill that
the element can have in response to user interaction.

* focus-opacity: An alternate method of specifying a focus fill,
in which the resulting focus fill is calculated by blending the
initial fill and background with the provided opacity value.

e initial-stroke: If the visual elements have a stroke that dif-
fers from the initial fill, it can be specified here.
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Fig. 7. An interactive grouped bar chart [57] (A) capable of producing color-change sequences that may trigger seizures for individuals with
photosensitivity. We propose a method of measuring photosensitive risk that analyzes the colors used in a visualization specified in JSON format (B)
and summarizes the visualization’s accessibility for those with photosensitivity while simultaneously ensuring that visual elements have sufficient

contrast for users with low vision (C).

» focus-stroke: If the stroke of an element changes color on
focus, it can be specified here.

Next we will discuss how these attributes are used to calculate photo-
sensitive risk potential for color palettes in interactive visualizations.

5.2

Elements with internal element flicker change color in response to user
interaction (Section 4.1). This behavior can be represented in the speci-
fication by defining one or multiple focus-£ill attributes within the
current element. All pairs of initial-fill and focus-£ill colors
within the same element will be checked for photosensitive risk to
ensure they will not produce a seizure-inducing internal element flicker.
While some creators explicitly name a secondary color for an element to
change to on user interaction, many visualizations implicitly change the
fill color by varying the opacity attribute of the element. This behavior
can be replicated in our specification by defining the focus-opacity
attribute, which should be a value between 0 and 1 and will be used
to blend the element’s initial-£fill and the background fill to cal-
culate the element’s ultimate focus-£ill. Once all elements with
internal flicker have both an initial-fill and focus-£fill colors,
we can check the photosensitive risk of each color combination using
the color threshold from Section 4.4.

Internal element flicker

5.3 Adjacent element flicker

Adjacent element flicker occurs when elements can be moved around
on the screen quickly enough that a flicker effect appears as the ele-
ments and the background successively occupy the same area of the
screen (Section 4.1). Not all visualizations are capable of producing
an adjacent element flicker. Visualizations that do not allow the user to
rearrange, reshape, or otherwise alter the position of visual elements
(manually or otherwise) do not need to be checked for adjacent ele-
ment flicker. Therefore we include an attribute (check-adjacent)
to indicate whether a visualization is capable of producing adjacent
element flicker. If the visualization needs to be checked for adjacent
element flicker, we need to examine the risk potential of all possible
color combinations. This means we need to look at all initial and focus
fills and test them pairwise against the color threshold. We also need to
check all initial and focus fills against the background color.

5.4 Additional accessibility constraints

It is important that we do not introduce new accessibility issues into
visualization designs in our attempts to remove or mitigate dangerous
flicker. There is a potential for contradicting accessibility requirements
between people with low vision and people with photosensitivity. Indi-
viduals with low vision are more likely to be able to read a visualization
with highly saturated colors and a lot of contrast, while people with
photosensitivity are more likely to be triggered by visualizations with
bright colors if an interactive flicker effect is present in the visualization.
Figure 8A shows a map with maximum contrast (black landmasses
against a white background). Because this visualization was not imple-
mented with gradual animations, a dangerous flicker can occur when
the user pans and zooms to navigate the map. Figure 8B shows the same
visualization edited to have photosensitive-safe colors. In the process
of making the visualization accessible for those with photosensitivity,
we have made the contrast so low that it is inaccessible for those with
low vision. Figure 8C keeps the low-contrast colors from B but adds
a high contrast stroke outlining the landmasses and thereby satisfying
the two conflicting accessibility needs.

Success Criterion 1.4.11 in the WCAG 2.0 recommends using colors
with a contrast ratio greater than 3:1 for graphical objects conveying
information on a webpage. The contrast ratio of two colors ((L; +
0.05)/(Ly 4+ 0.05), where L, is the relative luminance of the lighter
color and L; is the relative luminance of the darker color) represents
the change in relative luminance between two colors. We can calculate
the contrast ratio between all possible pairs of adjacent colors defined
in our specification (Section 5.1). Consequently, the script can be
used to check contrast accessibility even for visualizations that do not
have either flicker type. Figure 9) demonstrates how a visualization
without internal element or adjacent element flicker can still be tested
for contrast accessibility using our color analysis method.

5.5 Case studies

To demonstrate the benefits of our photosensitive-safe color analy-
sis method, we created JSON specifications for several visualizations
from the Blocks subset (Section 3.3) and tested them for photosen-
sitive risk. JSON specifications for all tested visualizations and ac-
cessibility results are included in our Supplemental Material and at



A: Initial coloring
(not photosensitive-safe but sufficient contrast)

X

Fig. 8. An interactive map with high contrast colors (A [10]) is accessible
for users with low vision, but can be inaccessible for people with pho-
tosensitivity if incorporated into elements that produce a flicker effect.
Similarly, photosensitive-safe colors may not be accessible for people
with low vision (B). Using a high contrast stroke color to separate ele-
ments (C) can help balance conflicting accessibility constraints.

B: Photosensitive-safe version
(not readable, insufficient contrast)

C: Photosensitive-safe with
sufficient contrast

https://osf.io/8kzmg/. Table 2 summarizes our ten case studies,
each of which appears as examples in the figures of this paper. Eight
of the ten case studies were included in the preliminary analysis. The
remaining two case studies (8 and 9) are edited versions of case study
7, adjusted to be accessible for photosensitivity (8) and accessible for
both photosensitivity and low vision (9). Only one case study (10) was
implemented with a sufficiently gradual transition to ensure that the
frequency safety threshold would not be exceeded (Section 4.3).

The case studies that were edited to improve accessibility (8 and
9) were both found to be photosensitive-safe. Case study 10 was im-
plemented with gradual transitions and labelled safe by both PEAT
and the novel color analysis method. Of the eight case studies that
were tested during preliminary analysis, only two were found to be
inaccessible using the screen recording procedure described in Sec-
tion 3.1. When analyzed with the color analysis method, case studies
1-7 were all found to have color combinations capable of producing
seizure-inducing flicker if not used in combination with gradual an-
imated transitions. The novel color analysis method allowed us to
identify five potentially inaccessible visualizations that were mistak-
enly labelled as accessible when analyzed using existing systems for
detecting photosensitive risk (i.e., screen recording testing procedure
described in Section 3.1). By focusing on analyzing the color and fre-
quency of flickers present in these visualizations, we are able to obtain
reliable estimates of photosensitive risk that are not dependent on the
individual running the test, thereby addressing the issue of reliability
identified in Section 3.2.

6 DiscussioN
6.1

To empower visualization designers to create more accessible visual-
izations, we present the following guidelines for limiting potential for
photosensitive risk in interactive visualizations.

Photosensitive accessibility guidelines

1. Animated transitions: Inserting gradual animations to ease
between state changes during transitions is a powerful way
of ensuring that visualizations are accessible for people with
photosensitivity. Animated transitions are supported natively
by D3 and can be added into existing D3 visualizations with
only a few lines of extra code. Transitions can be used to
limit the frequency at which both internal element flicker
and adjacent element flicker occur (Section 4.1) in most D3
visualizations. Crucially, animated transitions must have a
duration greater than 350ms to ensure that the frequency safety
threshold is not exceeded. A D3 transition with no specified

2 "check-adjacent": "false",
o "elements": [
# {
: "id": "line",
s "fill-initial": [] "adcede"
% {
"id": "point",
Next  Resun "fill-initial": [] "f3a622"
1
" {
3 "id": "gridlines",
. "fill-initial": [] "d3d3d3"
2 1
i {
. "id": "background",

"fill-initial": [| "ffFfff"

% }

(| /E] Insufficient contrast ratio (1.86)
[ /E] Insufficient contrast ratio (2.04)

[ /E] Insufficient contrast ratio (1.86)

Fig. 9. An example of our color analysis method applied to a visualization
[43] with no potential for internal element or adjacent element flicker,
as the user can only click a button to advance the animation. In this
situation, the method simply assesses the contrast accessibility of the
visualization.

duration currently defaults to a 250ms duration®, which could
still produce seizure-inducing flicker that exceeds the three
flashes per second threshold, so designers must carefully spec-
ify a transition duration greater than 350ms to ensure accessibility.

2. Photosensitive-safe color palettes: Animated transitions may
not be a feasible solution for visualizations that require rapid
response to user interaction or are implemented with technologies
that do not have animated transitions easily available. In these
scenarios, designers can select color palettes that do not exceed
the color threshold for flicker using the method described in
Section 5. Designers should carefully consider whether internal
element flicker, adjacent element flicker, or both, are present in
their visualizations and check the photosensitive risk potential of
colors involved in flickers accordingly. Selecting colors that have
sufficiently high contrast to be discernible yet do not present a
photosensitive risk can be challenging for adjacent element flicker,
as demonstrated in Figure 8B. A high contrast stroke outlining
the separation between elements can be helpful in balancing the
requirements of low-vision and photosensitive accessibility in
visualizations (Figure 8C).

6.2 Limitations & future work

While we are confident that this paper contributes an accurate and
comprehensive analysis of photosensitive risk in the interactive visu-
alizations included in our survey, we acknowledge several potential
limitations of our approach. First, the visualizations included in our full
dataset were collected via web crawler by Hoque & Agrawala [30] and
may not be fully representative of the entire design space of interactive
visualizations. By definition, our dataset only includes visualizations
implemented with D3 and therefore our results may not generalize to
visualizations created with other technologies, such as HTMLS5’s Can-
vas or Vega-Lite [48]. Furthermore, the visualizations included in our
detailed analysis subset (Section 3.3) are all hosted on bl.ocks.org

4h‘ctps ://github.com/d3/d3-transition
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ID Location in paper | Visualization type | Transition type(s) | Transition animation | Preliminary analy- | Novel color
style sis result (PEAT) analysis result

1 (I-123) | Figure 1A [55] Map Navigation No animation Dangerous Dangerous

2 (I-178) | Figure 1B [13] Chord diagram Filtering Duration <350ms Safe Dangerous

31-77) Figure 1C [23] Sankey diagram Selection (Fill) No animation Safe Dangerous

4 (I-243) | Figure 4 [42] Map Selection (Fill) No animation Safe Dangerous

5 1-479) | Figure 5 [11] Map Navigation No animation Dangerous Dangerous

6 (I-110) | Figure 7 [57] Bar chart Selection (Fill) No animation Safe Dangerous

7 (I-443) | Figure 8A [10] Map Navigation No animation Safe Dangerous

8 (N/A) Figure 8B [10] Map Navigation No animation N/A Safe

9 (N/A) Figure 8C [10] Map Navigation No animation N/A Safe

10 (1-30) | Figure 9 [43] Line chart Timestep Duration >350ms Safe Safe

Table 2. We applied the color analysis method described in Section 5 to ten case studies from our Blocks subset and identified five visualizations that
were originally mislabelled as accessible in the preliminary analysis. JSON specifications and accessibility results for each visualization, along with
all data collected during preliminary and detailed 3) are available at https://osf.io/8kzmg/. Full metadata for the preliminary dataset and the
Blocks subset are additionally available at https://airtable.com/shrRbuna®dz0a3hl9. Blocks dataset IDs are listed in parentheses.

and may be less complex than visualizations hosted on other web-
sites. Nevertheless, there is intellectual merit in demonstrating how
the methods we have developed can be applied to relatively simple
visualization designs, particularly as many of these straightforward
designs are commonly used in visualization practice.

Our work has centered around identifying and mitigating seizure-
inducing flicker and does not discuss the potential for seizure-inducing
patterns in interactive or static data visualizations. Pattern sensitivity
(i.e., experiencing seizures in response to pattern stimuli such as high-
frequency stripes in addition to light stimuli) is a known phenomenon
among those with photosensitivity and adverse effects can occur in
response to even static images, depending on the characteristics of
any repeated patterns present in the image [60]. Furthermore, this
work relies heavily on the three-determinant model of photosensitive
risk defined by Harding et al. in 2005 [28] (Section 4), which is
by necessity a simplification of the actual physiological processes
underlying a photosensitive response. Recent work has focused on more
accurately estimating the probability of visual stress using continuous
variables [34, 44, 45], rather than the discrete variables used in the
current photosensitive risk model [28]. A similar approach may yield
more accurate models of photosensitive risk in the future. There is
potential for valuable future work examining how more sophisticated
models of flash and pattern sensitivity might relate to the design of
accessible static and interactive data visualizations.

6.3 Conflicting design needs

We discuss in Section 5.4 the potential for conflicting requirements
between designing visualizations that are accessible for people with
low vision and people with photosensitivity, and contribute a method
for mitigating photosensitive risk in color palettes without sacrificing
high contrast for low vision legibility. Our work also reveals several
areas where established visualization design idioms might go against
the needs of people with photosensitivity and may inadvertently lead to
the proliferation of inaccessible visualizations. First, empirical research
has shown that systems that respond to user interaction without delays
or lags are more effective [36]. Our work indicates that there could
be accessibility benefits in having a system that is slightly slower to
respond to user input. Gradual animated transitions with a duration
greater than 350ms can help ensure that any flicker related to user
interaction in a visualization will not exceed the frequency threshold
(Section 4.3) and will be less likely to trigger seizures. This will
additionally support better graphical perception of change during a
visualization transition [29].

Additionally, perceptual research shows that saturation and lumi-
nance are powerful channels for encoding sequential information or
creating areas that are easily distinguishable from each other [14]. Color
palettes that vary levels of saturation and luminance are generally more
accessible for people with color-vision deficiency (CVD), i.e., color
blindness, as differences in hue are more difficult to detect for those
with CVD. At the same time, our work demonstrates that color maps
with large differences in saturation and luminance may be inaccessi-

ble for those with photosensitivity if the difference in luminance is
sufficiently large that the color threshold described in Section 4.4 is
exceeded. We mention this not to argue against using color maps that
vary saturation and luminance, but rather to bring attention to additional
accessibility constraints which designers should keep in mind when
designing interactive visualizations to ensure they can safely be used
by as many individuals as possible.

6.4 Call to action

As we detail in Section 2.1, accessibility research within the data vi-
sualization community has historically focused on building accessible
charts for people with CVD (i.e., color blindness), or vision impair-
ments. The number of potential users with photosensitive epilepsy or
other forms of photosensitivity may be small, but the effects of encoun-
tering an inaccessible visualization with seizure-inducing flicker can be
debilitating for an affected user. We hope that our work demonstrates
the need for inquiry into the current state of visualization accessibility
for a broader range of users. There are many levels of ability that have
not been considered in prior research on visualization accessibility,
particularly cognitive and neurological disabilities. The potential for
intellectual merit and positive impact on the lives of users is vast and
should not be underestimated. We hope that our work can serve as a
template for future research related to interpreting existing accessibility
guidelines for visualization design, identifying gaps in currently avail-
able tools for measuring accessibility, and developing new methods to
make it easier for the data visualization community to align itself with
existing accessibility guidelines.

7 CONCLUSION

We have presented the first systematic analysis of photosensitive ac-
cessibility in the context of interactive data visualizations. We have
shown that prior systems built to assess photosensitive risk in videos
and screen recordings are unreliable when applied to interactive visu-
alizations and may produce varied risk assessments when tested with
different users. We contributed a theoretical model for conceptualizing
photosensitive risk in interactive visualizations and a novel method
for measuring photosensitive risk based on the implementation details
of a visualization. We hope that our work illustrates the potential for
future research into understanding how visualizations can be made
more accessible for people of all abilities and backgrounds.
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