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Abstract

Bar charts are widely used for their simplicity in data representa-
tion, prompting numerous studies to explore and model how users
interact with and perceive bar chart information. However, these
studies have predominantly focused on sighted users, with a few
also targeting blind screen-reader users, whereas the graphical per-
ception of low-vision screen magnifier users is still an uncharted
research territory. We fill this knowledge gap in this paper by de-
signing four experiments for a laboratory study with 25 low-vision
participants to examine their graphical perception while interacting
with bar charts. For our investigation, we built a custom screen
magnifier-based logger that captured micro-interaction details such
as zooming and panning. Our findings indicate that low-vision
users invest significant time counteracting blurring and contrast ef-
fects when analyzing charts. We also observed that low-vision users
struggle more in interpreting bars within a single-column stack
compared to other stacked bar configurations, and moreover, for a
few participants, the perception accuracy is lower when comparing
separated bars than when comparing adjacent bars.
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1 Introduction

Data charts have become a ubiquitous means of data representa-
tion online and in academic and professional environments due
to their remarkable ability to condense and convey intricate data
in a simpler format, facilitating swift and easy comparisons and
data interpretation [11, 13]. Among popular data chart types, bar
charts are a widely used type of visualization, especially for categor-
ical data comparison, and serve as a tool for visualizing a range of
data, including stock values, census figures, product sales, customer
ratings, currency exchange rates, and hospitalization rates [20].
Considering the broad adoption of bar charts, it is crucial to en-
hance their usability for individuals with visual disabilities. To do
this, we first need to understand how people with visual disabilities
perceive and interpret bar charts.

There exist quite a few research works that have explored graphi-
cal perception and perceptual effort required by sighted individuals
to interpret bar charts [5, 7, 10, 23, 30]. This understanding of graph-
ical perception has influenced creation of better bar chart design
guidelines for sighted users. Regarding perception of people with vi-
sual disabilities, existing works have all focused on blind users [3, 8].
The graphical perception of low-vision users is still an unexplored
research area. In this paper, we conduct a preliminary study on this
topic by examining how low-vision users perceive bar charts.

Low vision refers to visual impairment in one or both eyes that
cannot be rectified with glasses, contact lenses, medication, or
surgery [12, 25]. Low-vision conditions include central vision loss,
peripheral vision loss, night blindness, and blurry vision [26], which
can impact how these individuals decode visual charts. For instance,
those with central vision loss may see distorted bars in a bar chart,
while those with severe peripheral vision loss might only perceive
one or two bars at a time, unable to scan ahead (see Figure 1). An-
other prominent characteristic of low vision is poor visual acuity
(less than 20/70) [1]. These factors typically make low-vision users
rely on screen magnifiers to clearly view the content, including
charts [6, 21]. However, enlarging content introduces several chal-
lenges to people with low vision [22]. First, low-vision users often
require varying zoom levels on standard desktop displays due to
their different visual acuities based on their eye conditions. Sec-
ond, insufficient magnification can result in noticeable blurring
or smudging of the content. Third, the perception of charts can
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Figure 1: This figure demonstrates the examples of variations in bar chart perception between sighted individuals and those
with low vision. The representations of low-vision perceptions are derived from descriptions by our study participants. (a) Bar
chart as perceived by a sighted individual, (b) a blurred view as described by our low-vision participant, (c) a magnified view of
the chart, and (d) bar chart as observed by an individual with central vision loss.

differ at different zoom levels. Fourth, with a continuous shift in
focus during panning, the users may need to patiently wait until
stabilization, brought forth by the accommodation reflex [16].

To examine graphical perception, we conducted a user study
with 25 low-vision participants. The study revealed many insights,
notably, distractors (i.e., bars not directly relevant in a comparison
task) played an important role in the overall graphical perception
of low-vision users. Specifically, tall distractors were found to con-
siderably elevate the error rates, contradicting prior findings with
sighted users where tall distractors played a minimal role [23]. Also,
perception errors were higher in case of adjacent bars in the same
column of a stacked bar chart compared to the non-adjacent bars,
an observation that also contradicts prior findings with sighted
users who found it easier to compare adjacent bars [23].

In sum, this paper contributes insights derived from a user study
with low vision participants assessing their graphical perception
abilities. These insights can potentially serve as the basis for formu-
lating future chart design guidelines and systems that accommodate
the needs of low vision users, similar to how prior perceptions stud-
ies with sighted people [5, 23] have influenced design of more
usable charts [19, 31].

2 Related Work

2.1 Visual Perception of Low-vision Users

Prior research has studied the effects of factors such as color and
font on the visual perception of people with low-vision, with par-
ticular emphasis on their reading abilities [2, 14, 15, 27, 29]. For
example, Wurm et al. [29] compared colored images with their
achromatic counterparts. This study involved 16 low-vision partici-
pants, focusing on their ability to discern images of everyday food
items. A two-way ANOVA analysis indicated that both color and
acuity significantly influenced reaction time. However, no notable
correlation between color and acuity was found.

In a comprehensive study, Mansfield et al. [15] investigated the in-
fluence of font types on reading performance by comparing sighted
users (50 participants) with low-vision users (42 participants). Their
findings revealed that reading acuity was notably reduced with the
Times New Roman font as opposed to the Courier font, showing a
difference of 0.09 logMAR (i.e., a method used to measure visual
acuity based on the logarithm of the Minimum Angle of Resolution
(MAR)) for low-vision users. For individuals experiencing central

vision loss, the critical print size (the smallest print size read at opti-
mal speed) was significantly larger in Times New Roman compared
to Courier, with a difference of 0.07 logMAR. Furthermore, reading
speeds among the low-vision participants were approximately 10%
slower when using the Times New Roman font than when using
the Courier font. Similar to these works, other research primarily
addresses the reading behavior of low-vision users [2, 26].

However, all these research works only address the reading be-
havior of low-vision users; research involving understanding the
perception of charts for low-vision users is still an uncharted re-
search territory, which we intend to fill in this paper.

2.2 Graphical Perception of Charts

Prior research has delved into understanding the graphical per-
ception of sighted users [5, 7, 10, 18, 19, 23, 30]. In a seminal work,
Cleveland & McGill [5] conducted a bar chart experiment to explore
the proficiency of sighted individuals in estimating the length ratio
of two bars in a bar chart. Participants were presented with bar
charts in five distinct configurations and tasked with estimating
the height of the shorter highlighted bar as a percentage of the
taller reference bar’s height. The study also included a comparison
between aligned and unaligned stacked bar charts. They observed
that charts where bars shared a common baseline, such as Adjacent
Bars, Separated Bars, and Aligned Stacked Bars, had more accurate
estimations than charts where the bars were not aligned, like in Un-
aligned Stacked Bars and Divided Bars (see Figure 2 to distinguish
between types of bars in charts).

Talbot et al. [23] conducted additional experiments to delve
deeper into the results identified by Cleveland and McGill [5]. While
confirming previous findings, their results validated the increased
challenge in comparing separated bars relative to adjacent ones,
coining this observation as the ‘separation effect’. They further
explained Cleveland and McGill’s results by stating that the separa-
tion effect primarily exists due to the distance between bars used
for comparison and the overall visual clutter in bar charts. They
also identified that shorter bars increase comparison difficulty.

Panavas et al. [19] also built upon the research conducted by
Cleveland & McGill [5] by adapting it for children, specifically, by
designing and conducting experiments to understand the graphi-
cal perception of children. They found that graphical perceptions
between children and adults were similar; however, children were
more inaccurate in their visual decoding judgments.
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Figure 2: Overview of the types of bar charts used in our study, adapted from previous research [23].

All aforementioned works have focused on the graphical percep-
tion of only sighted users, the graphical perception of low-vision
users is still an unexplored research topic. While low-vision users
do often have some residual vision, the need for magnification and
their visual acuity introduce variables, thereby making it less likely
that the prior findings with sighted users are applicable to low-
vision users. This paper therefore addresses this knowledge gap by
examining the graphical perception of low-vision users.

3 Methodology
3.1 Participants

We recruited 25 low-vision participants (12 females and 13 males)
via email lists and word-of-mouth. Among the volunteers who
signed up, we randomly selected 13 males and 12 females, choosing
more males because a higher number of males had signed up for
the study. Note that all volunteers identified their gender as either
male or female. The participants had an average age of 23.8 years
(Median = 24, Minimum = 17, Maximum = 37). The inclusion criteria
were: (i) proficiency in screen magnifiers; and (ii) familiarity with
bar charts. Demographic details are provided in Table 1.

3.2 Apparatus

User Interface. To understand low-vision users’ perception of
bar charts, we built a custom web application (Figure 4) that was
presented to the participants on a Dell monitor (dimensions were
1440 x 1024 pixels). A demo video providing a detailed overview
of this application is available on GitHub!. The participants inter-
acted with different types of bar charts on this web application
using a custom-built screen magnifier. The magnifier features were
designed to replicate the functionality of the participants’ preferred
screen magnifier tool, ZoomText, thereby eliminating the need for
them to learn new interfaces and thus allowing them to focus on
their core tasks. The custom magnifier’s purpose was to capture
and log all instances of zooming and panning on the user interface
without adding extra learning overhead for the participants. If the
participants zoom in or out of the chart, the chart on the user inter-
face undergoes either magnification or minification, respectively,
thereby automatically changing the dimensions of the original chart
by a scale factor. The application recorded these changes in the di-
mensions of the chart. The implementation details of the magnifier
are also available on GitHub'. All user activity data was logged and
stored in CSV format for subsequent analysis (Figure 4 (6)).

Uhttps://github.com/accessodu/LV_Graph_BarCharts.git

3.3 Design

In a within-subject experiment, participants performed represen-
tative tasks on different bar charts. Influenced by prior work for
sighted users [23], the selected perception-based task was: “Deter-
mine the percentage coverage of the shorter annotated bar relative
to the longer annotated bar”. We chose the following types of charts
(Figure 2) for the study:

o Simple bar charts — the charts were manually constructed,
where the differences between the annotated bars were either
26.1%, 46.4%, 56.2%, 68.2%, or 82.5%, following recommen-
dations from prior research [23]. The separation between
bars ranged randomly from 125 to 300 pixels. To mitigate
confounding factors, the taller bar was always positioned
on the left side of the interface to provide a consistent ref-
erence point and avoid biases due to varying bar positions.
This ensured that all comparisons were based on the visual
characteristics of the bars rather than their screen locations.

o Stacked bar charts — both aligned and unaligned bars ar-
ranged in two separate columns and divided bars within a
single column.

Additionally, distractor bars were placed between the two annotated
bars. There were two types of distractors: short distractors, which
were significantly shorter than the task bars, and long distractors,
which were tall enough to visually obstruct the comparison between
the task bars. The heights of the distractors were predetermined
and fixed to avoid any possible confounding effects. In our research,
we used the same experimental setup, including the charts provided
by Talbot et al. [23] (see Figure 2).

3.4 Procedure

The experimenter first obtained the participant’s formal consent
before briefly explaining the study’s goals. The experimenter then
introduced the user interface to the participant and conducted a
practice session of about 20 minutes to help the participant get
comfortable using the custom magnifier on the user interface. Af-
ter the practice session, the experimenter asked the participant
to complete the study tasks in a predetermined counterbalanced
order. We set one constraint, i.e., users were instructed to provide
their responses in less than 15 seconds, extending the 7-9 second
limit used in prior research for sighted people [23]. This extension
accounted for the screen magnification-based panning overhead
and was also based on average practice session times. The time
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constraint served two purposes: first, to focus on graphical percep-
tion by emphasizing quick judgments, ensuring participants relied
on immediate visual perception rather than extended cognitive
processes; and second, to standardize task conditions for all par-
ticipants by avoiding confounding effect of varying task duration.
Users were allowed to adjust their seating positions from the screen.
Users were then shown the web application and were asked to state
their answer for the task anywhere in the bandwidth of 0% to 100%
after comparing annotated bars (black dot as seen in Figure 2). In
addition, we used the think-aloud protocol [4] and conducted an
exit interview with participants (see Table 2) to gain insights into
their cognitive strategies while doing the tasks.

3.5 Data Analysis

We eliminated any outlier data points to avoid disparity in our
statistical analysis. These outliers included participants randomly
guessing after giving up because of the mental strain of going over
multiple charts and a few participants also gave up and started
giving random answers. To determine outliers, we compared the
accuracy of user responses against the ground truth and calculated
Pearson’s R correlation [17]. We included data points with a cor-
relation greater than 0.7 in our study while excluding those with
values less than 0.7.

4 Results

We quantified the discrepancy between the actual ground-truth
values and the participants’ estimations by using the log (base
10) of the absolute error between them. The log of the absolute
error provides clearer insights into the proportional differences
between perceived and actual values. It emphasizes relative errors
rather than absolute quantities, which is useful in understanding
the impact of errors in a context where percentages or proportional
differences are more meaningful than absolute differences.

4.1 Evaluation

(i) Standard Bar Charts: The majority (90%) of participants in our
study expressed a preference for viewing both bars of comparison
within the same viewport (percentage was determined from quali-
tative data). We observed that the separation between the bars and
the presence of distractors increased the error rate during quan-
titative comparisons of the bars. Specifically, when the bars were
separated, the log absolute error averaged 0.87 (Median: 0.91, Max:
1.03, Min: 0.61). In contrast, adjacent bars demonstrated a lower
incidence of error with an average of 0.65 (Median: 0.63, Max: 0.79,
Min: 0.43) as shown in Figure 3(a). Further analysis concerning the
impact of distractors revealed that short distractors typically had a
minimal impact, with an average log absolute error of 0.78 (Median:
0.76, Max: 0.97, Min: 0.66). However, tall distractors significantly
increased errors in both adjacent and separated bar comparisons,
with an average log absolute error of 0.96 (Median: 0.97, Max: 1.03,
Min: 0.82) (see Figure 3(c)).

Analysis showed that separated bars accompanied by tall distrac-
tors had a higher average mean error of 0.95 (Median: 0.84, Max:
1.16, Min: 0.77) compared to adjacent bars with the same distractors,
which averaged an error of 0.72 (Median: 0.80, Max: 0.96, Min: 0.45),
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X% = 8.1, p < 0.001. For twelve participants however, we observed
an opposite trend: adjacent bars with tall distractors yielded a more
pronounced error, averaging 0.89 (Median: 0.92, Max: 1.01, Min:
0.77), while separated bars with tall distractors had a lower average
error of 0.73 (Median: 0.82, Max: 0.97, Min: 0.54).

(ii) Multi-Column Stacked Bar Charts: Low-vision users gen-
erally found stacked bars more challenging to interpret compared
to simple bar charts, with 60% of participants indicating height-
ened cognitive burden. The mean log absolute error for stacked bar
graphs was 0.83 (Median: 0.78, Max: 1.05, Min: 0.64), compared to
a mean error of 0.74 for unstacked bars (Median: 0.73, Max: 0.89,
Min: 0.62) (x% = 9.3, p < 0.001) (see Figure 3(b)). We also observed
that the average log absolute error for comparing aligned bars (Fig-
ure 2(c)) was 0.64 (Median: 0.61, Max: 0.66, Min: 0.57), which was
lesser than the error for unaligned bars (avg: 0.77, Median: 0.74,
Max: 0.98, Min: 0.44) (Figure 2(d)). This finding highlights the sub-
stantial impact of bar alignment on the accuracy of interpreting
stacked bars.

(iii) Single-Column Stacked Bar Charts: We also studied stacked
bars in a single column, i.e., divided bars (see Figure 2(e)). These
charts exhibited the highest degree of error among the bar chart
variants examined, aligning with the observations of Talbot et
al. [23]. The log absolute error for divided bars averaged 0.91 (Me-
dian: 1.07, Max: 1.32, Min: 0.88). However, we observed that the
presence of intervening bars and the separation between bars signif-
icantly affected the perception of single-column stacked bar charts
among low-vision participants, with distractors contributing ap-
proximately an additional 0.3 points of error. Notably, the error
rate for adjacent bars was slightly higher (by 0.55 points) than for
separated bars.

4.2 Analyses

Deeper analyses of the collected study data revealed numerous
reasons underlying the above reported participants’ performance.
We observed that these reasons belonged to diverse categories: ac-
cessibility issues, usability/UX issues, and perception-related issues.
In this section, we mainly focus on the perception-related issues,
however, we also describe how other issues influenced low-vision
perception wherever appropriate.

(i) Separation effect: Talbot et al. [23] noted that sighted indi-
viduals face greater difficulty when comparing bars that are spaced
apart in bar charts, regardless of the presence of distractors, a phe-
nomenon known as the *Separation Effect.’ In our study, we noted
a similar trend among low-vision participants for separated and
adjacent bars in bar charts without distractors. The need for zoom-
ing and panning, a known UX issue, contributed to this trend. The
process of panning back and forth — first to approximate the height
of the taller bar, then pan to the shorter bar, and finally to pan back
again for confirmation, introduced confusion, resulting in higher
error rates in separated charts without distractors.

However, in charts with distractors, low-vision users typically
viewed both annotated bars in separated bar charts within a single
viewport to avoid panning because, with panning, it was difficult
for participants to identify the task-specified bars amidst all the
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Figure 3: Box plots showing the difference in error estimations for (a) Separated vs. adjacent bars, (b) Stacked vs. unstacked

bars, and (c) Short vs. tall distractor bars

visual clutter in the chart. However, this strategy often resulted in
increased blurring, leading to greater approximation errors. Fur-
thermore, the presence of distractors led to higher error approx-
imations in adjacent bar comparisons compared to separated bar
comparisons for some participants, indicating a strong influence of
distractors which is discussed next.

(ii) Influence of distractors: Talbot et al. [23] noted in their
research that it was unclear from the initial data whether distractors
affected the difficulty of comparing separated bars versus adjacent
bars in bar charts. However, further analysis of their data revealed
that tall distractors increased the difficulty for both types of compar-
isons (i.e., separated and adjacent bar comparison), and separated
bars with tall distractors were more difficult to compare than adja-
cent bars with tall distractors. They also emphasized the need for
additional research to clarify the mechanisms through which tall
distractors disrupt the height comparison task.

Our findings showed similar results across the majority of the
participants; however, we did observe contrasting results with 12
participants for whom approximation errors were higher for ad-
jacent bars with tall distractors compared to those for separated
bars with tall distractors. Our observations showed that this con-
trast occurred because of vision blur [28], as the presence of tall
distractors causes more blurring, as seen in Figure 1; this caused
the participants to estimate incorrect percentages as they could
not correctly judge the height of the smaller adjacent bar and they
always showed a tendency to overestimate the height of the smaller
adjacent bar.

We observed that low-vision users’ visual attention naturally
tend to focus on striking features of a bar chart, for example, tall
bars in a bar chart. When faced with two tall bars among shorter
distractors, users instinctively concentrate on the taller bars, allow-
ing the shorter ones to perceptually recede into the background,
rendering errors associated with short distractors insignificant.

(iii) Blurring effect: During the think-aloud process, 80% of the
participants pointed out the height of annotated bars on the web
application, often either overestimating or underestimating their
heights, particularly in charts with distractors. This discrepancy is
attributed to a “blurring effect” experienced by low-vision users,

where a bar perceived as 50px in height by a person with normal
sight might be estimated by someone with a visual impairment to
be within a range of 40px to 60px, depending on their visual acuity,
due to a blur that causes the top of the bar to smudge as shown
in Figure 1(b). Another known UX issue is that low-vision users
would need to magnify and analyze each bar individually before
making a comparison to mitigate this “blurring effect” as shown
in Figure 1(c), as this effect can lead to an increased error rate in
the interpretation of charts. However, further investigation must
be conducted to confirm this and to better understand how various
visual aids or adaptive technologies, such as screen magnifiers, can
minimize such perceptual discrepancies.

(iv) Unalignment effect: The findings regarding unaligned bars
in stacked charts are consistent with those observed by Talbot et
al. [23], who noticed an ‘unalignment effect’ where unaligned bars
resulted in higher errors compared to aligned bars. Additionally,
Cleveland & McGill [5] noted that it was more challenging to make
height comparisons between unaligned bars than between bars
aligned to a common baseline, suggesting that position comparison
is a fundamentally easier visual task than length comparison.

Among our low-vision participants, the higher error rates in un-
aligned bar graphs could be attributed to the ‘Parallel Line Illusion’
(PLI), where the perceived length of a target line is influenced by a
contextual line positioned parallel to it [32]. The PLI distorts per-
ceived length such that a target line positioned adjacent to a long
contextual line appears shorter than its actual length, while if it is
next to a short contextual line, the target line is overestimated and
appears longer. This phenomenon underscores the role of length
contrast in human perception and illustrates how visual context can
significantly affect accuracy in graphical interpretations, especially
for individuals with visual impairments.

Additionally, stacked bar charts in our study featured at most
two columns with four bars stacked as distractors (see Figure 2).
Participants employed a straightforward vertical panning strategy
and utilized maximum zoom to perform the task. However, in the
presence of distractors, participants struggled to discern the hori-
zontal differentiation lines, often perceiving adjacent stacked bars
as a single unit, thus significantly increasing error rates.
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Note that the swiftness of the participants’ responses might have
also impacted their perceptual accuracy. It is possible that their
ocular system had not fully adjusted to the display — a phenome-
non known as the accommodation reflex — causing them to make
judgments before their visual adaptation was complete [9].

5 Discussion

Our study uncovered several key insights: (i) Low-vision users
often overestimate or underestimate the height of bars in a bar
chart due to ‘blurring effect’ that can cause smudges on top of bars
; (if) Low vision users do not perceive charts well in the presence
of tall distractors as they are unable to effectively leverage their
screen magnifiers; (iii) Unaligned bars result in higher error rates
due to the ‘Parallel Line Illusion Effect’; (iv) Adjacent bars in stacked
charts are harder to perceive than non-adjacent bars. Our study
also was limited in certain aspects, which paves the way for for
future research on this topic.

One limitation was that in the study task, the dot’s placement
on the bar was not centered but shifted towards its lower end,
which may have influenced how participants identified the bars.
Also, there was no provision for participants to adjust contrast
and color settings on the charts, requiring them to interact with
the charts in their default state. Recruiting a diverse group of low-
vision participants also posed a challenge, and a broader range of
visual acuity levels might have offered a deeper understanding of
accuracy variations across these levels. Additionally, the study did
not consider the participants’ visual field measurements.

Relying solely on participants’ think-aloud and exit-interview
feedback for analyses is another limitation of our work. A deeper
analysis is possible by adapting methods involving eye-tracking [26],
which can potentially uncover fine-grained gaze behaviors of low-
vision individuals during graph perception tasks. In future studies,
we aim to expand our work using gaze-based metrics to formulate
better bar chart design guidelines for low vision users.

Lastly, drawing from prior research that compares the graphical
perception of adults and children [19], we recognize the importance
of expanding our studies to include a diverse set of visual encodings
in future, which can potentially inform the design of usable data
visualizations for low-vision individuals.

Low-vision individuals often find data charts overwhelming, par-
ticularly when using screen magnifiers, because of increased percep-
tual effort due to magnification and panning [24]. The perceptual
effort, which refers to the cognitive load involved in interpreting
visual information from charts, has been studied extensively for
sighted users [7] but not adequately quantified for low-vision users.
We recognize the importance of quantifying perceptual effort for
low-vision users to enable the creation of more accessible and effi-
cient data charts.

Our research uncovered that unlike sighted users, where dis-
tractors on bar charts typically have minimal impact, these ele-
ments profoundly affect low-vision users. This finding highlights
the necessity for developing an intelligent screen magnifier with
an auto-panning algorithm tailored for chart interaction. This tech-
nology would utilize data saliency—key areas of a chart that draw
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more attention, such as axis labels and bar tops, which can be ob-
tained from the logged data CSV from our custom screen magnifier
(see Section 3.2). By automating panning to these high-priority
areas, such a tool could enhance the chart-reading experience for
low-vision users.

6 Conclusion

As the prevalence and variety of data visualizations on web plat-
forms grow, it becomes imperative to confront challenges that arise
due to accessibility and usability of these visualizations, especially
for low-vision individuals. In this research, we conducted exper-
iments to identify low-vision graphical perception on bar charts.
Our results indicate that while low-vision individuals process chart
information similarly to sighted users, their need for magnification
coupled with varying visual acuity, introduce variables that make
it difficult for them to make precise visual judgments. Our future
studies aim to delve deeper into the perceptual effort and cogni-
tive strategies low-vision users employ in comparing bar heights
to further understand low-vision usability of bar charts. Based on
our findings, we plan to develop an intelligent screen magnifier
with automatic panning to reduce cognitive overload for low-vision
users. Additionally, we will employ eye-tracking to obtain deeper
insights into the viewing patterns of low-vision users. Overall, gain-
ing a thorough, experimentally-supported understanding of basic
graphical perception abilities of low-vision individuals, represents
a significant and promising step forward in HCI for enhancing
accessible visualization practices.

Acknowledgments

We would like to express our sincere gratitude to Amanda Kelly
Dcosta, Shine C Simmy, and Mohammed Shoaib Alyaan for their
invaluable assistance in system development and user study setup.

References

[1] AFB. 2023. 2023. Low vision Acuity. https://www.afb.org/blindness-and-low-
vision/eye-conditions/low-vision-and-legal-blindness-terms-and-descriptions

[2] Aries Arditi and Jianna Cho. 2007. Letter case and text legibility in normal and
low vision. Vision research 47, 19 (2007), 2499-2505.

[3] Suzanne P Balik, Sean P Mealin, Matthias F Stallmann, Robert D Rodman,
Michelle L Glatz, and Veronica J Sigler. 2014. Including blind people in computing
through access to graphs. In Proceedings of the 16th international ACM SIGACCESS
conference on Computers & accessibility. 91-98.

[4] Elizabeth Charters. 2003. The use of think-aloud methods in qualitative research

an introduction to think-aloud methods. Brock Education Journal, 12 (2), 68-82.

William S Cleveland and Robert McGill. 1984. Graphical perception: Theory, ex-

perimentation, and application to the development of graphical methods. Journal

of the American statistical association 79, 387 (1984), 531-554.

Michael D Crossland, Rui S. Silva, and Antonio F Macedo. 2014. Smartphone,

tablet computer and e-reader use by people with vision impairment. Ophthalmic

and Physiological Optics 34, 5 (2014), 552-557.

Stephanie Elzer, Nancy Green, Sandra Carberry, and James Hoffman. 2006. A

model of perceptual task effort for bar charts and its role in recognizing intention.

User Modeling and User-Adapted Interaction 16, 1 (2006), 1-30.

Leo Ferres, Petro Verkhogliad, Gitte Lindgaard, Louis Boucher, Antoine Chretien,

and Martin Lachance. 2007. Improving accessibility to statistical graphs: the

iGraph-Lite system. In Proceedings of the 9th International ACM SIGACCESS

Conference on Computers and Accessibility. 67-74.

Joseph H Goldstein and Barbara B Schneekloth. 1996. Spasm of the near reflex: a

spectrum of anomalies. Survey of ophthalmology 40, 4 (1996), 269-278.

[10] Jeffrey Heer and Michael Bostock. 2010. Crowdsourcing graphical perception:
using mechanical turk to assess visualization design. In Proceedings of the SIGCHI
conference on human factors in computing systems. 203-212.

[11] Junyong In and Sangseok Lee. 2017. Statistical data presentation. Korean journal
of anesthesiology 70, 3 (2017), 267-276.

—
)

6

7

—
)

[9


https://www.afb.org/blindness-and-low-vision/eye-conditions/low-vision-and-legal-blindness-terms-and-descriptions
https://www.afb.org/blindness-and-low-vision/eye-conditions/low-vision-and-legal-blindness-terms-and-descriptions

Understanding Low Vision Graphical Perception of Bar Charts ASSETS 24, October 27-30, 2024, St. John’s, NL, Canada

[12 Sarit Felicia Anais Szpiro, Shafeka Hashash, Yuhang Zhao, and Shiri Azenkot.

Randall T Jose. 1983. Understanding low vision. American Foundation for the [22

Blind.

Muzammil Khan and Sarwar Shah Khan. [n.d.]. Data and information visual-
ization methods, and interactive mechanisms: A survey. International Journal of
Computer Applications 34, 1 ([n.d.]), 1-14.

Gordon E Legge, David H Parish, Andrew Luebker, and Lee H Wurm. 1990.
Psychophysics of reading. XI. Comparing color contrast and luminance contrast.
JOSA A7, 10 (1990), 2002-2010.

J Stephen Mansfield, Gordon E Legge, and Mark C Bane. 1996. Psychophysics of
reading. XV: Font effects in normal and low vision. Investigative Ophthalmology
& Visual Science 37, 8 (1996), 1492-1501.

Mahsaw Motlagh and Ragi Geetha. 2022. Physiology, accommodation. In Stat-
Pearls [Internet]. StatPearls Publishing.

Mavuto M Mukaka. 2012. A guide to appropriate use of correlation coefficient in
medical research. Malawi medical journal 24, 3 (2012), 69-71.

George E Newman and Brian J Scholl. 2012. Bar graphs depicting averages are
perceptually misinterpreted: The within-the-bar bias. Psychonomic bulletin &
review 19 (2012), 601-607.

Liudas Panavas, Amy E Worth, Tarik Crnovrsanin, Tejas Sathyamurthi, Sara
Cordes, Michelle A Borkin, and Cody Dunne. 2022. Juvenile graphical percep-
tion: A comparison between children and adults. In Proceedings of the 2022 CHI
Conference on Human Factors in Computing Systems. 1-14.

David Peebles and Nadia Ali. 2015. Expert interpretation of bar and line graphs:
The role of graphicacy in reducing the effect of graph format. Frontiers in
psychology 6 (2015), 1673.

Joshua L Robinson, Vanessa Braimah Avery, Rob Chun, Gregg Pusateri, and
Walter M Jay. 2017. Usage of accessibility options for the iPhone and iPad in a
visually impaired population. In Seminars in Ophthalmology, Vol. 32. Taylor &
Francis, 163-171.

2016. How people with low vision access computing devices: Understanding chal-
lenges and opportunities. In Proceedings of the 18th International ACM SIGACCESS
Conference on Computers and Accessibility. 171-180.

Justin Talbot, Vidya Setlur, and Anushka Anand. 2014. Four experiments on the

perception of bar charts. IEEE transactions on visualization and computer graphics
20, 12 (2014), 2152-2160.

Meini Tang, Roberto Manduchi, Susana Chung, and Raquel Prado. 2023. Screen
Magnification for Readers with Low Vision: A Study on Usability and Perfor-
mance. In Proceedings of the 25th International ACM SIGACCESS Conference on
Computers and Accessibility. 1-15.

W3C. 2023. 2023. Low vision definition. https://www.w3.org/WAI/GL/low-
vision-ally-tf/wiki/Definitions_of_Low_Vision

Ru Wang, Linxiu Zeng, Xinyong Zhang, Sanbrita Mondal, and Yuhang Zhao. 2023.
Understanding How Low Vision People Read Using Eye Tracking. In Proceedings
of the 2023 CHI Conference on Human Factors in Computing Systems. 1-17.
Yi-Zhong Wang. 2001. Effects of aging on shape discrimination. Optometry and
Vision Science 78, 6 (2001), 447-454.

Andrew B Watson and Albert ] Ahumada. 2011. Blur clarified: A review and
synthesis of blur discrimination. Journal of vision 11, 5 (2011), 10-10.

Lee H Wurm, Gordon E Legge, Lisa M Isenberg, and Andrew Luebker. 1993. Color
improves object recognition in normal and low vision. Journal of Experimental
Psychology: Human perception and performance 19, 4 (1993), 899.

[30] Jeff Zacks, Ellen Levy, Barbara Tversky, and Diane J Schiano. 1998. Reading

bar graphs: Effects of extraneous depth cues and graphical context. Journal of
experimental psychology: Applied 4, 2 (1998), 119.

Zehua Zeng and Leilani Battle. 2023. Using Graphical Perception in Visualization
Recommendation. Interactions 30, 3 (2023), 23-25.

Mingqian Zhao, Huamin Qu, and Michael Sedlmair. 2019. Neighborhood percep-
tion in bar charts. In Proceedings of the 2019 CHI Conference on Human Factors in
Computing Systems. 1-12.


https://www.w3.org/WAI/GL/low-vision-a11y-tf/wiki/Definitions_of_Low_Vision
https://www.w3.org/WAI/GL/low-vision-a11y-tf/wiki/Definitions_of_Low_Vision

ASSETS 24, October 27-30, 2024, St. John’s, NL, Canada

A Study Application

Graphical Perception

Yash Prakash et al.

-— 1440px -
User Study Session
+ Create Sessions @ Clear all Sessions Search
D Name Assets  Actions Download
100
seuins. @paricpat 1 #51 3 "
sssies. @putcpz 15 or -
ssos. @parc #w oW
wous Q@uies 151 QW 1024px
sosos. Qg5 #51 v
sesas. @patcpsns 51 v
st Qs 451 v
ssos. @pwtpms 51 v
- -
s @patciponts #51 ©-
st @ptcputlo #51
Base
10 Participants Per Page
— 2160px _
—  2%60px - P
——  440px —— y¢ T20px — < 720px = 1440px
100
100
1024px
1024px p
1536px 1536px
. Scale : 1.5
Scale: 1.5
Graphical Perception scale posX posY time
1.003 | -0.05003732435299120  -0.0730039191577653 1717 1300 2023-10-11T20:39:16.
User Study Session
1,008 -0. 0. 776700 717 1300  2023-10-11T20:39:16.828Z
+ Create Sessions @ Clear all Sessions Search 1.008 | -0.3992521 0. 1717 1300 2023-10-11T20:39:16.844Z
1.014| -0.6944133327350890  -1.0127446517979100 717 1300 2023-10-11T20:39:16.860Z
o Neme Assets  Actions Download 1.021| -1.034763843950440  -1.5083251714005900 1717 1300  2023-10-11T20:39:16.876Z
oot @partcpant 1 H51 N y
75 1.028 -1 -1.997 1717 1300 2023-10-11T20:39:16.892Z
sueses. @purtipent2  #51 W 1.036| -1.748357892795870  -2.5475200475200500 1717 1300  2023-10-11T20:39:16.909Z
s s Of L 1044 -2.120445310251110  -3.089448865310930 1717 1300 2023-10-11T20:39:16.925Z
— 1.052| -2.486873603486500  -3.623135419713370 1717 1300  2023-10-11T20:39:16.942Z
saesios #
51 [>] 1.061| -2. 100 -4.2 1717 1300 2023-10-11T20:39:16.959Z
s #w oW u 107 -3291983053755460  -4.795830337886410 1717 1300  2023-10-11T20:39:16.975Z
suesins w oW 1.08| -3.7274315666860800  -5.43019943019943 1717 1300 2023-10-11T20:39:16.992Z
saesios o Of 1001 -4 6.1 1717 1300 2023-10-11T20:39:17.009Z
1.005 -4. 6. 1717 1300 2023-10-11T720:39:17.025Z
e sl oW L 1095 -4 6. 1717 1300  2023-10-11T20:39:17.126Z
et #51 ow '3 1.005 -4. 6. 1717 1300 2023-10-11T720:39:17.138Z
saesies #l oW 1095 -4 6. 1717 1300  2023-10-11T20:39:17.1552
1.005 -4. 6. 1717 1300 2023-10-11T720:39:17.174Z
1095 -4 6. 1717 1300  2023-10-11T20:39:17.189Z
10 Participants Per Page Showing 10 of 25 Participants <
1.095 -4, 6. 17117 1300 2023-10-11T20:39:17.206Z

Figure 4: Screenshots of the User Interface used in the study. (1) Study setup sessions; (2) Sample graph; (3) Magnified chart
view; (4) Magnifier panning; (5) Session log data; and (6) Saved CSV data.
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B Evaluation User Study Participant Demographics

Table 1: Participant demographics. All information was self-reported (Note: N/A indicates that the participants were not sure
of their medical condition).

Age/ ) . Visual Acuity Daily Web o
ID Gender Diagnosis ' Browsing Assistive Technology
Left Eye  Right Eye

P1  21/M Optic atrophy 20/100 20/200 5 hours Screen magnifier

P2 17/M Glaucoma 20/100 20/200 5 hours Screen magnifier

P3  18/M N/A 20/200 20/400 5 hours Screen magnifier

P4 26/F N/A 20/100 20/200 7 hours Screen magnifier, screen reader
P5 18/M Leber congenital amaurosis ~ 20/400 20/600 5 hours Screen magnifier

P6  24/M Optic atrophy 20/200 20/400 7 hours Screen magnifier

P7  19/F Leber congenital amaurosis ~ 20/200 20/400 5 hours Screen magnifier

P8  30/F Albinism, nystagmus 20/400 0 5 hours Screen magnifier

P9 25/F Cataracts 20/100 20/100 5 hours Screen magnifier

P10 19/F Glaucoma 20/100 20/200 7 hours Screen magnifier

P11 37/M Retinitis pigmentosa 20/500 0 5 hours Screen magnifier

P12 22/M Glaucoma 20/400 0 5 hours Screen magnifier

P13 23/M Leber congenital amaurosis ~ 20/400 20/200 5 hours Screen magnifier

P14 17/M Cataracts 0 20/500 4 hours Screen magnifier

P15 33/F N/A 20/200 20/400 4 hours Screen magnifier

P16 27/M Albinism, nystagmus 20/200 20/400 5 hours Screen magnifier

P17  21/F Stevens-Johnson syndrome  20/200 20/400 5 hours Screen magnifier

P18 18/F N/A 20/100 20/200 7 hours Screen magnifier

P19 24/F N/A 20/500 0 5 hours Screen magnifier, screen reader
P20 28/M N/A 0 20/400 5 hours Screen magnifier

P21  20/F Cataracts 20/100 20/200 5 hours Screen magnifier, screen reader
P22 29/M Cataracts 20/400 0 5 hours Screen magnifier, screen reader
P23 25/F Glaucoma 20/500 0 3 hours Screen magnifier

P24 25/M N/A 0 20/500 4 hours Screen magnifier, screen reader

P25 29/F Optic atrophy 20/500 0 5 hours Screen magnifier, screen reader
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C Exit Interview

Table 2: Paraphrased Questions for Low-Vision Participants

Yash Prakash et al.

Question

Paraphrased Question (LOW_VISION)

Themel.

I want to know something about your demographics
1. Gender

2. Age

3. Education Level

4. Eye problem/diagnosis

5. Preference screen reader/magnifier

Theme?2.

Think about a recent bar graph you have come across on your phone or computer

6. Within how long ago did you see it?

7. How often do you come across bar graphs in your daily activities, such as in reading materials,
online content, or workplace documents?

8. What did you do when you encountered the graph?

Theme3.

I will ask some Habit Questions

9. Are there particular presentations of graphs that you find more intuitive or easier to under-
stand, and how often are graphs available in such formats?

10. Is comprehending/understanding bar graphs easy or difficult?

11. What do you do if the bar graph is hard to comprehend/understand?

12. Can you describe the usual challenges you face when interpreting bar graphs due to low
vision?

13. What strategies or adaptations have you developed to understand bar-based graphical
information effectively?

Theme4.

One last Closing Question:
14. Are there any additional insights, preferences, or experiences you would like to share
regarding your interaction with graphs?
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