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Abstract

In this dissertation, we contribute practical advancements in tool-making as an intervention on
the accessibility of interactive data experiences. The thesis of this dissertation is as follows:
This dissertation argues that the tools practitioners use to build interactive data experiences are
themselves sites where accessibility barriers are produced, prevented, or alleviated for both end
users and authors. This work contributes five tools—Chartability, Data Navigator, Softerware,
Cross-perception, and Skeleton—that collectively center accessibility work on the empowerment
of disabled and non-disabled practitioners across the full arc of evaluation, data navigation,
analytical interaction, and personalization.

Rather than framing accessibility research solely around ideal experiences for end users with
disabilities, this thesis investigates why accessibility work is so difficult for the practitioners
who build interactive data experiences and what tool-making can reveal about those difficulties.
We organize this investigation around four domains where practitioners face the most persistent
challenges: evaluation, navigation, interaction, and personalization. Chartability, a heuristic
framework contributed first and maps the full landscape of accessibility barriers and identified
these three latter domains (navigation, interaction, and personalization) as the areas where the
most severe gaps remain. Data Navigator and Skeleton then investigate navigation, finding that
practitioners struggle because navigation structure has no visible, manipulable representation in
their workflows. Cross-perception engages interaction, demonstrating that blind data analysis
has been constrained by existing tools and that a new interaction design framework can reshape
what analytical work is possible. Softerware addresses personalization, revealing that access
needs genuinely conflict across users and that meaningful personalization requires system-level
infrastructure that does not yet exist in practitioner tooling ecosytems.

Combined, these contributions provide empirical insights and practical advancements in the
state of the art for tooling that bridges gaps in current accessibility practices in visualization and
data science. Our work ultimately enables people with and without disabilities to better evaluate
barriers in, analyze with, design for, develop, and personalize interactive data experiences. We
demonstrate that tool-making is a productive intervention that both engages accessibility barriers
and elucidates why those gaps exist in practitioner work.
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Part I

Introduction
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Chapter 3
Overview of Contributions

In this dissertation, we contribute practical advancements in tool-making as an intervention on
the accessibility of interactive data experiences. The thesis of this dissertation is as follows:
This dissertation argues that the tools practitioners use to build interactive data experiences are
themselves sites where accessibility barriers are produced, prevented, or alleviated for both end
users and authors. This work contributes five tools—Chartability, Data Navigator, Softerware,
Cross-perception, and Skeleton—that collectively center accessibility work on the empowerment
of disabled and non-disabled practitioners across the full arc of evaluation, data navigation,
analytical interaction, and personalization.

Rather than framing accessibility research solely around ideal experiences for end users with
disabilities, this thesis investigates why accessibility work is so difficult for the practitioners
who build interactive data experiences and what tool-making can reveal about those difficulties.
We organize this investigation around four domains where practitioners face the most persistent
challenges: evaluation, navigation, interaction, and personalization. Chartability, a heuristic
framework contributed first and maps the full landscape of accessibility barriers and identified
these three latter domains (navigation, interaction, and personalization) as the areas where the
most severe gaps remain. Data Navigator and Skeleton then investigate navigation, finding that
practitioners struggle because navigation structure has no visible, manipulable representation in
their workflows. Cross-perception engages interaction, demonstrating that blind data analysis
has been constrained by existing tools and that a new interaction design framework can reshape
what analytical work is possible. Softerware addresses personalization, revealing that access
needs genuinely conflict across users and that meaningful personalization requires system-level
infrastructure that does not yet exist in practitioner tooling ecosytems.

We engage each domain below with the questions: “Why does this work matter?”, “Why is
it hard?”, and “What has tool-making within this domain showed us?”

The 4 domains of work that I engage in this thesis start first with evaluation. In work contexts
where someone is designing and developing interactive data experiences, the practitioner must
have the knowledge, tools, and resources available to systematically identify how their interfaces
produce barriers for people with disabilities. A significant portion of professional accessibility
work (arguably most, if not all) is founded on auditing and evaluating barriers to access. This
work is pre-dominantly done through a standards-based approach [25], although in more robust
evaluation work, people with disabilities are actively involved in the process [20].

Evaluation is difficult work because much of it is contextually defined by the author them-
selves, and most tasks at this intersection require careful, non-automated processes and meth-
ods [4, 20]. To make matters more difficult, no comprehensive guidelines, tests, and tools exist
in any singular location. Practitioners often must gather these resources themselves, which tend
to be situated towards accessibility in general or are high-level and provide minimal usefulness
in practice. Additionally, practitioners themselves often have little knowledge about the veracity
or quality of any given bit of information they gather [13, 24], and often do the work themselves
to synthesize this disparate space of information into a usable format they can apply to their own
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evaluation work.
To engage this, our first main chapter focuses on Chartability, a heuristic framework that en-

ables designers, developers, and auditors to systematically evaluate data visualizations and inter-
faces for a wide range of accessibility barriers, considering people with visual, motor, vestibular,
neurological, and cognitive disabilities. In this project, we did the hard work for other practition-
ers and contributed our collection of synthesized accessibility resources in a single workbook.
We had practitioners try out our resource in real environments, in-situ, in order to learn more
about the challenges and barriers they themselves faced in evaluation work. With Chartabil-
ity, practitioners, especially those with limited accessibility expertise, gained more confidence
and clarity in assessing and improving their work. Additionally, Chartability has since become
widely applied as a framework that isn’t just used for evaluation but also as design guidance in
many contexts, internationally, including policy organizations, governmental groups, and more
than 100 companies and businesses.

Chartability then opened up a significant landscape of new projects and research directions.
From a combination of my existing expertise as a visualization designer and engineer, in addition
to continued application of Chartability in the wild, we began to identify the trickiest and most-
difficult domains of work for practitioners. Chartability has 50 total heuristics, or tests, each
organized under one of 7 principles. But 3 larger domains began to emerge as the areas where
the most severe and dramatic accessibility barriers remained unaddressed: on data navigation,
analytical interaction, and interface personalization.

So the next section of this thesis engages the first of these three: navigation. Navigation is
a fundamental type of interaction that is leveraged by modern software-based assistive technolo-
gies. Screen readers, the primary tool used by people who are blind to interact with computers,
navigate content. Additionally, many other assistive technologies, such as a sip and puff device
(like the “POSSUM” from as far back as ’63 [17]) also navigate. Navigational technologies are
leveraged by people with a significant array of disabilities, yet tend to be entirely ignored by
existing data visualization tools, which are pre-dominantly built to support direct input (using a
computer mouse).

Empirical work has already demonstrated that structural navigation is actually good [30],
even when regular alternative text (image descriptions) exist. This is both because people who
are blind can gain both a high level understanding (from the description) as well as lower-level
sense of the data’s structure and arrangement, in addition to the fact that discrete, structural
navigation exposes interactivity that may exist on any visualization elements (such as they can
be hovered or clicked with a mouse in order to perform some action). So, if good empirical work
exists: why haven’t practitioners put this research into action? What makes this work hard to
do?

We first built Data Navigator to provide the building blocks we needed in order to address
the technical and conceptual gaps that were required to make any visualization or visualization
tool provide a navigable, interactive structure. Data Navigator is a low-level toolkit which can
be used to construct accessible navigation structures such as lists, trees, and diagrams from an
underlying graph structure. We leveraged graph theory for an applied HCI problem: nodes and
edges represent any relationships within the data as a structure, which then supports rich expres-
siveness of data navigation experiences. Users can navigate discrete marks in a visualization,
clusters, groupings, and more. In addition to its structural scaffolding, Data Navigator also
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supports a wide array of input modalities leveraged by people with disabilities (screen readers,
keyboards, speech, and gestures).

Data Navigator provided a substrate, but this contribution alone wasn’t enough to engage
the question why is navigation so hard, in practice?. So the chapter following Data Navigator
introduces Skeleton, a data navigation authoring tool built on top of Data Navigator. Our novel
approach in Skeleton involves visualizing and making manipulable the nodes, edges, and textual
data that comprise non-visual end user experiences. Skeleton visualizes the building blocks that
comprise Data Navigator. Additionally, Skeleton provides expressive, rapid scaffolding capabili-
ties that leverage data visualization rendering engines. This scaffolding engine helps practitioners
quickly create common configurations for non-visual data navigation structures that retain visual
congruence to the underlying structure.

But most importantly, Skeleton serves as a framework that shapes designerly consideration.
Our conjecture was that because sighted practitioners cannot see navigation building blocks, they
will not treat those elements as iterable design materials. We conjectured: Navigation is hard in
practice because sighted designers face barriers to iteration and understanding. We conducted
an empirical study with sighted practitioners and found that making non-visual elements visual
helped practitioners shift from treating accessibility as a compliance task to treating it as a design
problem, re-iterating on the visual aspects of their design, and engaging in the complex and
nuanced components that comprise data navigation experiences.

Now, interaction becomes the next area we wanted to engage. Existing accessible data inter-
action for people who are blind, including our previous work on navigation (which is a form of
interaction), predominantly seeks to expose information. This is what we call access-oriented in-
teraction. In terms of low-level analytical tasks, most are then made feasible through navigation,
sonification, or summarization-based and question-answering approaches: retrieving values, fil-
tering, computing derived values, sorting, determining ranges, clustering, and finding outliers.
What remains are analytical tasks that, despite being “low level” (understood as unable to be
reduced into more fundamental tasks), are cognitively highly complex: finding correlations and
characterizing distributions [1]. These tasks require complex hypothesization and exploration,
rather than a system that simply encourages surfacing what is known or what is already present
in the data: it requires combining, remixing, restructuring, and dividing data.

But blind analytical interaction isn’t just important to engage because it is understudied, it
is important to engage because many of interactive information visualization’s most impactful
tools for data science enable it [5, 8, 19, 26]. In visualization, cross-filtering is one example of
an interaction that enables a user to filter one visual space while seeing a coordinated change in
another visual space simultaneously and near-instantaneously. The speed of input interaction and
perception of output also matters: even a small bit of latency changes the quality of a user’s data
exploration activities [15]. We conjectured that a screen reader, the most-used tool leveraged by
blind people when interacting with computers, may be insufficient for engaging this task.

To engage this, this thesis introduces Cross-perception, an approach for building analytical
interactions that support perception in one space of input interaction with simultaneous, non-
competing perception of output in another space of data representation. We first formalized a
design framework for producing cross-perception experiences and then built a novel prototype
device, the cross-feelter, that enables blind cross-perception of a cross-filtering data exploration
interface. In an empirical study with blind users (with and without existing data expertise), we
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found cross-perception speeds up analytical exploration by 90% and helps blind users consider
vastly more questions of their dataset (+188% computational queries, +54% spoken aloud) com-
pared to a screen reader-driven interaction.

Beyond performance, we found that our input modality itself shaped the character of an-
alytical engagement: participants didn’t just work faster, they considered more dimensions of
their data and asked qualitatively different questions. The cross-feelter also reduced anxiety
and substantially increased enjoyment, particularly for participants without prior data expertise,
suggesting that the barriers blind practitioners face in data work are not only functional but af-
fective. Additionally, we had our blind practitioners imagine new interaction possibilities that
cross-perception could enable including and beyond our cross-feelter device.

Our final domain of work is the most difficult for visualization practitioners to engage: per-
sonalization. While navigation demanded better software tooling and visual support and in-
teraction required new hardware, personalization completely re-orients how software authoring
takes place. Personalization matters because of access friction, which is a design challenge where
one design or interface configuration that might be accessible for one person or group of people
turns out to create barriers for someone else [7, 10]. In existing work on personalization and
accessibility, studies have demonstrated that end-user control is great to have and can alleviate
friction [12, 29], but little work has been done to explore what personalization looks like for an
existing data visualization library and how practitioners should build and maintain their existing
systems to support it.

Our final chapter introduces Softerware to address the tension between standardized acces-
sible design and the diverse needs of real users with disabilities. In the wild, access friction
exists in every design that reaches a public audience; it is inevitable. This tension ultimately
means that some users have a worse experience, and may even face exclusion, with any particu-
lar design configuration. So for this work, we conducted our research in-situ with visualization
software engineers and designers and worked to build a scalable, flexible software system dubbed
“softerware” that enables end users to manipulate the appearance and functionality of the charts
and graphs they encounter according to their own preferences. We conducted empirical research
to inform our collaborators, as well as other visualization system authors, with guidelines and
considerations for building softerware systems. In our study, no two participants chose the same
preference configuration and participants with the same diagnosed condition sometimes needed
opposite design treatments. Practitioners, meanwhile, immediately raised ethical concerns about
whether personalization would let designers off the hook for poor defaults. These findings re-
vealed that the real barriers to personalization are not at the level of any individual chart but at
the level of system infrastructure: without persistence, cross-system interoperability, and shared
standards, the effort required of end users exceeds the value they receive.

Combined, these contributions provide empirical insights and practical advancements in the
state of the art for tooling that bridges gaps in current accessibility practices in visualization and
data science. Our work ultimately enables people with and without disabilities to better evaluate
barriers in, analyze with, design for, develop, and personalize interactive data experiences. We
demonstrate that tool-making is a productive intervention that both engages accessibility barriers
and elucidates why those gaps exist in practitioner work.
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Chapter 9
Discussion & Future Work

9.3 Who is responsible for repair?
Lastly, I want to revisit one of my opening points, where I argue that the tool-makers are first
responsible for repair. This is true. However, the most pressing issue I have faced in recent
years is mostly unmentioned across these research projects: tool-makers might be responsible,
but this is because they are the only ones who have the power to make things accessible. Does
this always need to be the case? Can we imagine an artifact’s authority over the user’s ability to
access being designed towards self-subversion [6] or de-centralized agency [3, 14, 18], instead?
What might that look like, concretely?

In Softerware, we begin to engage this larger problem in terms of an idealized state where a
user can repair or re-design their own experiences. But to me, this self-repair is like laying down
train tracks for yourself as you move a locomotive, but then lifting up your own tracks behind
you as you go. You’re the only one helping yourself. This is not ideal, for you or others.

What we need are broad, lasting, infrastructural changes. On the web, this problem becomes
quite difficult to solve. A personal computer or device? Again, someone can auto-design their
interfaces into a better state. But back when I started Chartability, the WebAim Million’s report
showed more than 95% of the top one million website home pages contain at least one critical
accessibility error. And now, more than 6 years later, that proportion is unchanged [27].

Some had imagined that generative AI would solve the massive infrastructural repair prob-
lems we face. But unfortunately, the latest WebAim Million report shows that since 2020, ARIA
usage has increased and correlates to more errors, while use of tabindex on a page has increased
nearly 300% and also correlates to more errors on a page. If anything, during the age of genera-
tive AI, we have seen existing bad patterns worsen in prevalence and complexity.

I firmly believe that a tools-based approach is not enough on its own. Tool-making cannot
be the only intervention on inaccessibility. Tools and tool-making, as our thesis argues, have a
powerful role to play. But we simply can’t tool our way out of failed infrastructure and inadequate
policy when someone else owns the tools and tool-making. Visiting a website is like going into
someone else’s home: arranged according to their effort, tastes, and so on. If you can’t access
their home, you essentially need to request that they let you in personally. Website repair always
falls to the owner and maintainer of a website, and they largely don’t take any meaningful action.

Sidewalks outside of homes are a good parallel to this problem. Sidewalk accessibility is a
massive infrastructural problem [22], and yet localities treat sidewalk maintenance in different
ways: some, like where I presently live in the south hills of Pittsburgh, put the onus on the home-
owner whose house and property the sidewalk touches. In other places, sidewalks are considered
a public path, similar to a roadway, and are maintained through public tax and resource man-
agement. To no surprise, privately-maintained, public-access sidewalks are worse for people in
pretty much every way than publicly-maintained ones [28]. This is because private homeowners
don’t care about sidewalk maintenance unless the city manages to fine them or they get sued.

And the web is a collection of private spaces that you visit privately. There is no truly shared,
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universally democratic, public space on the web. Centralization is partly to blame: sharing space
while scaling leads to consolidation.

So my future work will continue to wrestle with the same tensions of scale, repair, and anti-
consolidation of power, motivated by the same WebAim Million report. But now I look to
questions of democratic and radical access to accessibility repair. The barriers I hope to tackle
in the future are political and infrastructural. Perhaps tool-making will participate in this work,
but it seems clear now from my work that the upstream technical problems and socio-political
conditions that tools inherit, will likely not be addressed by tools alone.

What does “democratic” and “radical” infrastructure work look like? It will probably be
an extension of Softerware, to some degree. I imagine future research that explores public-
first spaces, ones where access is socially negotiated and repair belongs to all of us. Is this an
autonomous space, like an autonomous zone [2] separate from the web? Above it, looking down
into it, like shared annotation tools but capable of sharing the manipulation of websites [21]? A
space with ambient co-repair, modeled after projects that bring people together [23] or that allow
community “fixing” of misinformation [11]? Perhaps feminist thought on the ethics of care can
help us [9, 16]? Or maybe it will be something else entirely; I’m not yet sure. But what made the
web fantastic years ago is long gone; most of it has been hedged into corporate spaces that are
controlled, maintained, and repaired by corporate power. And these entities are notoriously bad
at repair. What I imagine in the future involves reclaiming a sense that the web is ours, belongs
to us, and that ultimately we are responsible for making it accessible.
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[20] Christopher Power, André Freire, Helen Petrie, and David Swallow. Guidelines are only
half of the story: Accessibility problems encountered by blind users on the web. In Pro-
ceedings of the SIGCHI conference on human factors in computing systems, CHI ’12,
pages 433–442, New York, NY, USA, 2012. Association for Computing Machinery. doi:
10.1145/2207676.2207736. 3

[21] Heather Ruland Staines. Digital open annotation with hypothesis: Supplying the missing
capability of the web. Journal of Scholarly Publishing, 49(3):345–365, April 2018. ISSN
1710-1166. doi: 10.3138/jsp.49.3.04. URL http://dx.doi.org/10.3138/jsp.
49.3.04. 9.3

[22] Manaswi Saha, Michael Saugstad, Hanuma Teja Maddali, Aileen Zeng, Ryan Holland,
Steven Bower, Aditya Dash, Sage Chen, Anthony Li, Kotaro Hara, and Jon Froehlich.
Project sidewalk: A web-based crowdsourcing tool for collecting sidewalk accessibility
data at scale. In Proceedings of the 2019 CHI Conference on Human Factors in Computing
Systems, CHI ’19, page 1–14. ACM, May 2019. doi: 10.1145/3290605.3300292. URL
http://dx.doi.org/10.1145/3290605.3300292. 9.3

[23] Hanieh Shakeri, Ye Yuan, Benett Axtell, Denise Y. Geiskkovitch, and Carman Neustaedter.
Designing smart home technology for passive co-presence over distance. In Designing In-
teractive Systems Conference, DIS ’24, page 3389–3406. ACM, July 2024. doi: 10.1145/
3643834.3661508. URL http://dx.doi.org/10.1145/3643834.3661508.
9.3

[24] Ather Sharif, Joo Gyeong Kim, Jessie Zijia Xu, and Jacob O. Wobbrock. Understand-
ing and reducing the challenges faced by creators of accessible online data visualizations.
In The 26th International ACM SIGACCESS Conference on Computers and Accessibility,
ASSETS ’24, pages 1–20. ACM, October 2024. doi: 10.1145/3663548.3675625. URL
https://doi.org/10.1145/3663548.3675625. 3

[25] W3C. Web content accessibility guidelines (wcag) 2.1, 2018. 3

[26] Chris Weaver. Multidimensional visual analysis using cross-filtered views. In 2008 IEEE
Symposium on Visual Analytics Science and Technology, pages 163–170. IEEE, October
2008. doi: 10.1109/vast.2008.4677370. URL https://doi.org/10.1109/vast.
2008.4677370. 3

[27] WebAIM. Webaim: The WebAIM Million - An annual accessibility analysis of the top
1,000,000 home pages. https://webaim.org/projects/million/#wcag, 2021. Accessed: 2021-
09-03. 9.3

[28] Mintesnot Woldeamanuel and Andrew Kent. Measuring walk access to transit in terms of
sidewalk availability, quality, and connectivity. Journal of Urban Planning and Develop-
ment, 142(2), June 2016. ISSN 1943-5444. doi: 10.1061/(asce)up.1943-5444.0000296.
URL http://dx.doi.org/10.1061/(ASCE)UP.1943-5444.0000296. 9.3

[29] R. Wood et al. “creatures of habit”: influential factors to the adoption of computer per-
sonalization and accessibility settings. Universal Access in the Information Society, 23(2):
927–953, March 2023. 3

13

https://doi.org/10.1145/3290605.3300924
https://doi.org/10.1145/3290605.3300924
https://doi.org/10.1145/3290605.3300924
http://dx.doi.org/10.3138/jsp.49.3.04
http://dx.doi.org/10.3138/jsp.49.3.04
http://dx.doi.org/10.1145/3290605.3300292
http://dx.doi.org/10.1145/3643834.3661508
https://doi.org/10.1145/3663548.3675625
https://doi.org/10.1109/vast.2008.4677370
https://doi.org/10.1109/vast.2008.4677370
http://dx.doi.org/10.1061/(ASCE)UP.1943-5444.0000296


[30] Jonathan Zong, Crystal Lee, Alan Lundgard, JiWoong Jang, Daniel Hajas, and Arvind
Satyanarayan. Rich screen reader experiences for accessible data visualization. Computer
Graphics Forum, 41(3):15–27, June 2022. doi: 10.1111/cgf.14519. URL https://doi.
org/10.1111/cgf.14519. 3

14

https://doi.org/10.1111/cgf.14519
https://doi.org/10.1111/cgf.14519

	Abstract
	I Introduction
	3 Overview of Contributions

	VI Conclusion
	9 Discussion & Future Work
	9.3 Who is responsible for repair?

	References


