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Inaccessible digital health information can have serious consequences. As health systems become
more data-driven, accurately interpreting visual representations of numbers is crucial. While
health data visualizations (HDVs) can help some people understand complex information, others
lack the necessary skills to use them. Data visualization literacy, or graphicacy, is an increasingly
essential digital skill. For people managing chronic conditions or complex medical histories,
inaccessible HDVs limit their ability to understand their health, act on information, and advocate
for themselves. Although HDV's are common in digital health tools, they are rarely designed with
cognitive accessibility in mind. For those with intellectual and developmental disabilities (IDDs),
such as Down Syndrome (DS), inaccessible health data worsens existing healthcare disparities.
This dissertation aims to improve the cognitive accessibility of HDVs with adults and older

adolescents with DS. . In the first study, the author, together with a self-advocate with DS, co-



developed accessible participant-facing materials, activities, and processes to ensure independent
feedback. The second study, which used semi-structured interviews, found that most participants
used devices independently and often provided tech support to others. The study also revealed
that social features in health systems and non-adaptive parental controls often traded autonomy
for digital safety. A researcher-administered questionnaire and semi-structured interview found
that while participants performed well on basic graph reading, their comprehension declined as
the graph-reading task became more complex or ambiguous. Grounded theory identified design
and task barriers in HDVs that made inference-making harder. In three co-design workshops,
participants grouped and sorted health objects (Talismans) and created graph-based art (Work-
shop 1), used improvisation to explore teaching and storytelling (Workshop 2), and played games
like reverse Jeopardy to identify salient clues and connect ideas between questions and answers
(Workshop 3). Reflexive Thematic Analysis (RTA) showed that participants’ subjective experi-
ences influenced them most during unfamiliar or complex tasks. Many used strategies to manage
cognitive load, but when they hit a personal limit—Iike tension or conflict with their under-
standing—they often switched from inference-making to sense-making or using shortcuts. These
studies challenged assumptions about the abilities of people with Down Syndrome in HCI. These
studies challenged commonly held assumptions in human-computer interaction (HCI) research
about the abilities of people with Down Syndrome. The dissertation contributed a DS-specific
cognitive accessibility profile for (health) data visualizations and its broader implications for HCI

research.
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Preface

A portion of the content in this dissertation may be verbatim of previously published or currently
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such as [309] and [310] were reproduced with permission from the publisher (i.e., Springer Na-
ture). Additionally, previously written content has been revised to better align with the disserta-

tion format.
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Chapter 1: Introduction

Intervention, inclusive education opportunities [37, 73,90, 274], higher quality of life [93, 239],
increasing levels of independence [93, 148], and more employment opportunities [4, 93] have
contributed to people with Down Syndrome (DS) living longer than ever before [39]. However,
systemic healthcare barriers persist [10]. Individuals with DS, like others with Intellectual and
Developmental Disabilities (IDDs), continue to report lower-quality care [285], inadequate ac-
cess to preventive services, such as annual exams and screenings [135, 224], and insuf cient
support during transitions to adult healthcare [206, 290].

Additionally, people with DS are frequently excluded from clinical trials that may directly
bene t them [94, 184] and often experience paternalistic care (i.e., healthcare providers make
decisions on their behalf [50, 145, 271]). Many providers lack training in DS-speci c care needs
[176,217], which can contribute to the continuation of outdated or biased medical practices. They
may also have their valid concerns dismissed outright [163]. These systemic inequities extend
into digital health systems (e.qg., [251]), where inaccessible information design—particularly in

health data visualizations (HDVs)—risks compounding existing disparities for people with DS.



1.1 The Problem

Patient-facing health systems—such as patient portals, apps, and wearable devices—are designed
to help individuals engage with their health data and make informed decisions about their care
[74,272]. These tools provide access to a range of information, including lab results, provider
notes, medical history, and third-party integrations like step logs from smartwatches [15,20,272].
However, the ways in which health data are presented in these systems often make it dif cult
for users to engage meaningfully with the information, and in some cases, renders it entirely
inaccessible [83,115,139,179, 257].

Health data may be inaccessible for several reasons. Many individuals lack the knowledge,
skills, or literacies needed to understand medical information, including health literacy, numer-
acy, and graphicacy [9, 80, 246]. Without suf cient domain-speci ¢ knowledge, patients must
rely on their own information-seeking abilities to educate themselves [109, 317], which directly
affects how they search for, interpret, and apply the information they nd [289]. In short, without
clinical training, most patients are unprepared to interpret the raw health data provided in many
digital systems.

To bridge these knowledge gaps, many digital health tools now include data visualiza-
tions intended to support user comprehension and ease of engagement [42,112,277]. Reading
a HDV, however, involves multiple layered skills—such as extracting and comparing numerical
information from two-dimensional visual formats [80]. For many users, these tasks are cog-
nitively demanding and can result in information overload, especially when designs are poorly
optimized [42,46, 257].

As healthcare becomes increasingly digitized and data-driven, the ability to read, interpret,



and act on health data is essential not only to quality of care but also to an individual's overall
well-being [19]. However, individuals with cognitive, learning, intellectual, or developmental
disabilities may face disproportionate barriers when health information is not presented in acces-
sible ways [312-314].

Despite widespread challenges with numeracy and graphicacy across all populations, no
prior research has examined the speci ¢ strengths and barriers experienced by adults and older
adolescents with DS when interacting with HDVs. This dissertation addresses that gap by explor-
ing how to improve the cognitive accessibility of visual and interactive health data design. The
ultimate goal is to support adults and older adolescents with DS in more con dently engaging
with health information, participating in shared decision-making, and advocating for themselves

across various health management contexts.

1.2 Justi cation

Prior research regarding individuals with cognitive disabilities has demonstrated pattern of ex-
clusion (i.e., neuroableism). Upon disclosure of a diagnosis, people and medical professionals
around them frequently would then direct questions and decisions to the person they assumed was
their care partner, bypassing the individual, who was suddenly mistrusted as a source of reliable
information. These practices re ect a broader pattern of ableism and systemic underestimation
of the capacities of people with IDDs.

Health was selected as the focal domain due to the high medical complexity associated with
DS and the well-documented healthcare discrimination this population faces. Adults and older

adolescents (16+) were chosen as the primary population of interest given that this life stage is



marked by an increasing shift toward personal responsibility in health management, alongside a
growing desire for independence and autonomy.

Data visualizations were prioritized because, while they are intended to simplify and clarify
complex health data, they often fail to do so for those with and without disabilities. Instead,
many HDVs assume a level of data, health, and print literacy, graphicacy, and (health) numeracy
that is not widely held—particularly among people without formal training in health or data
interpretation. These challenges are compounded for individuals with DS, for whom inaccessible
HDVs may serve not as supports but as barriers to informed decision-making.

The research presented in this dissertation seeks to address this gap through a focus on
cognitive accessibility and inclusive design practices. In HCI, digital accessibility can be a prin-
ciple, a practice, a state, and a property. As a concept, accessibility is a design, development, and
system goal. The aim of digital accessibility is to ensure the autonomy of people with and with-
out disabilities by intentionally creating and maintaining digital systems, devices, and services to
have equal and equitable access to information and user experiences. In accessible digital sys-
tems, users can perceive digital content, use the system (e.g., interact with and navigate it), and
understand it without barriers. An accessible digital system must also remain compatible with
additional supports, such as agents or assistive technology (i.e., be interoperable). The World
Wide Web Consortium (W3C)'s Web Content Accessibility Guidelines (WCAG) refers to these
principles using the acronym POUR (i.e., perceivable, operable, understandable, and robust).

This comprehensive understanding of accessibility highlights its centrality as a practice that
must be integrated and involve people with disabilities throughout the various technology design,
development, and research processes. As a result, accessibility practice is iterative. Accessibility
efforts must begin from the start (or as soon as possible for an existing digital product) and

4



continue through to the “end.” For the digital system or product to remain accessible, it must be
regularly evaluated, corrected, updated, and improved to keep up not only with users' changing
needs but also with the ever-evolving landscape of technology development.

Cognitive accessibility, as an extension of this concept, more speci cally focuses on mak-
ing digital content (e.qg., features, information), systems, devices, and services understandable and
usable for individuals with cognitive disabilities, as well as for individuals whose cognition has
been impacted in some way. Regardless of the cause, people with cognitive conditions are highly
heterogeneous within and between themselves and the population(s) they belong to. Cognitive
differences and changes to functional ability can and do vary and uctuate. As such, individual
changes in cognition and/or functional abilities can vary widely in frequency (e.g., slowly over
years, day-to-day, hour-to-hour, task-to-task, interaction-to-interaction) and severity (e.g., mild,
moderate, severe), and be impacted by the presence of co-occurring conditions, the need to man-
age multiple chronic conditions, or other interactions between comorbidities, which is common
within the DS population. Because potential real-world use-cases and interactions cannot feasibly
be anticipated, designed, and developed to mitigate, cognitively accessible digital systems need
to be robust, adaptable, and exible. Digital systems that use meta-design features to provide
dynamic, proactive personalization may be particularly impactful for these populations, such as
people with DS.

It is critical to underscore, however, that while a condition can affect an individual's func-
tional ability to use a system, the true barrier is the digital system's inability to adapt and accom-
modate differences in ability, effectively barring people from an equitable user experience. This
clari cation reinforces that it is not the user's responsibility to align with the system'’s limitations,
as the system was not designed for them — if it were, there would be no barriers. Instead, it is the

5



responsibility of the digital system to align itself through thoughtful, strategic accessibility design
and development best practices to ensure the digital end-product does not introduce disabilities,
being cognizant of the variety and diverse abilities of its potential—not assumed—users.

As a direct outcome of these considerations, this dissertation's initial working de nition for
cognitive accessibility is the research, design, and development of digital content, systems, de-
vices, and/or services intentionally grounded in the direct and independent* feedback and contin-
uous involvement of individuals with situational, short-term, and permanent conditions that affect
their cognition. Using meta-design principles, cognitively accessible digital-mediated user expe-
riences are exible enough to align information and interactions to a diverse array of strengths,
skills, and knowledge levels, as well as adapt their digitally-mediated user experiences by provid-
ing additional support(s) should any cognitive changes occur that impact their functional abilities
to effectively use the end-product as they intended. Drawing upon these justi cations, the fol-
lowing section outlines the broader signi cance and originality of this work in the context of

human-computer interaction (HCI), health informatics, and inclusive design

1.3 Signi cance and Originality

Inaccessible HDVs can have far-reaching implications beyond a lack of healthcare management
engagement and negative patient digital experiences. This section situates the dissertation's con-
tribution within accessibility, technology adoption, and health equity. From a technology adop-
tion perspective, health systems and devices with poor usability and accessibility are often bar-
riers to the adoption, sustained use, or long-term engagement of these systems and devices by

people with IDDs [10, 249]. Inaccessible HDVs (e.g., sleep-tracking trend lines, nutrition com-



parison bars) found in patient-facing medical systems and health devices can also further exac-
erbate healthcare disparities experienced by individuals with IDDs [10], such as DS. This work
is worthy of investigation because of its potential to bene t not only those with DS, but typically
developing (TD) individuals who similarly struggle with the requisite skills needed to understand
HDVs (i.e., gaps in health literacy, numeracy, or graphicacy).

This body of work is also highly original. More precisely, the gap concerns DS-speci ¢
graphicacy (i.e., visualization literacy and graph comprehension) in health contexts. Accord-
ingly, this section rst establishes novelty, then clari es scope. Even though data visualizations,
in particular, may play to people with DS's strength as learners with strong visuospatial abil-
ities [89, 93], there is no existing literature describing the data visualization literacy and graph
reading skills (i.e., graphicacy) of people with DS, speci cally. Although previous work explored
the graph accessibility for the highly heterogeneous and diverse populations under the broader
umbrella of IDDs [313], very little is known about how to present health data visualizations in a
way that is cognitively accessible speci cally for people with DS.

Furthermore, this dissertation began with co-developed methods with a self-advocate with
DS to ensure the richer data collected from the direct feedback of participants with DS (i.e,
the Preparation Study). Using a born-accessible approach to study design [157], all study pro-
cedures and participant-facing materials were made more accessible through the direct interac-
tion with self-advocates all studies. The born-accessible methodological framework (BAMF)
is a principles-and-overarching process approach that treats accessibility as a functional, non-
negotiable requirement from the outset. It centers co-production with people with disabilities
who have equal decision-making power, institutionalizes equity, co-creates measurable goals,
aligns with legal standards (e.g., WCAG), and sustains continuous, real-user testing (no proxies)
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throughout the entire design and development lifecycle [157]. Given the novel yet formative, ex-
ploratory nature of this dissertation's studies, this work represents the initial foundations. While
the latter half is still involved, it remains in the background for now.

By intentionally co-creating more accessible study methodologies from the start, the studies
within were able to facilitate and report direct, independent feedback from participants with DS,
which only increased as the studies progressed. This is particularly valuable as most studies rely
upon observations of people with DS supplemented with “ eld notes, questionnaires, surveys,
semi-structured interviews from primary stakeholders (parents, caregivers, teachers, experts) to

Il in the gaps” [253]. In other words, most research about individuals with DS is the result of
research questions being answered on their behalf by someone else.

From a technology adoption perspective, developing products based on proxy feedback
and observations alone is both a risky and unsustainable practice. Indirect feedback can result in
systems being built based on the interpretations of TD individuals, who have a very different user
experience than the actual end users with DS. As a result, the proposed digital product may not be
something a potential end-user (i.e., people with DS) actually wants to adopt, retain, or implement
in their lives. Unwanted digital products have been criticized by scholars. DiSalvo, Sengers,
and Brynjars@ttir note the waste of unused products can negatively impact the sustainability of
technology through poorly conceived development practices [77], such as emphasizing the data
and feedback collected from TD proxies rather than the population intended to actually use the

digital product or service.



1.4 Research Aims, Approaches, Scope, and Research Questions

1.4.1 Overall

The overarching aim of this dissertation is to co-create more asset-based, cognitively accessible
HDVs that align with the graphicacy skills and abilities of adults and older adolescents with DS. A
strengths-based approach avoids de cit framing by building on the abilities and preferred learning
strategies already present within this population. The central goal is to improve the cognitive
accessibility of both the visual presentation and interactive design of HDVs, enabling individuals
with DS to more effectively interpret and use health information. This aim is motivated by the
increasing prescription of digital health tools by medical professionals, and by the recognition
that HDVs are becoming central to how patients engage with health data. When such tools remain
inaccessible, people with DS risk further exclusion from meaningful, self-directed participation
in health management.

In addition to the primary aim, several secondary objectives were advanced. A key method-
ological aim is to document the unique graphicacy strengths and cognitive barriers experienced
by people with DS when interpreting HDVs—a combination of skills not yet described in the
literature. Another goal is to translate those insights into evidence-based design principles for
creating more inclusive HDVs across digital health systems. Finally, the dissertation emphasizes
the value of adapting HCI research and design methods (i.e., user-centered research and co-design
activities to produce usable and accessible digital tools aimed at solving experiential problems).
By centering the perspectives of people with DS, this work can be a model for future researchers

looking to reduce reliance on proxies and enabling direct input through accessible study meth-



ods, in this or similar populations with whom their perspectives are all too often regarded as
secondary or supplemental. These adaptations were co-developed with a self-advocate and re-
ned throughout each study to support participants' independent engagement from the beginning
to the end.

Together, these aims support the broader goal of enabling adults and older adolescents with
DS to use HDVs in real-world contexts—such as interpreting continuous positive airway pres-
sure (CPAP) usage patterns, making health decisions with care teams, or tracking nutrition to
meet personal health goals. In turn, the work seeks to advance self-advocacy, promote indepen-
dence, and expand individuals' ability to manage their health with autonomy. More broadly, it
contributes to reducing systemic health inequities compounded by inaccessible digital tools, in-
cluding lower quality of care [285], inadequate preventive services [224], and poor healthcare
transitions into adulthood [206, 290].

To achieve these goals, the dissertation employs the National Council's Double Diamond
technology design framework [65], a structured but exible process emphasizing iterative, user-
centered design through alternating cycles of divergent exploration and convergent re nement
(see g. 1.1). This framework aligns with the dissertation's commitments: to prioritize deep
engagement with end-users, explore the problem space before converging on solutions, and in-
tegrate accessibility from the outset rather than retro tting it after designs are complete. The
born-accessible approach taken here positions accessibility as a creative, generative design prin-
ciple responsive to real-world needs identi ed by the DS community [157].

The mixed-methods study focused on the intersection of HDV and cognitive accessibility.
While not attempting to address all forms of accessibility in health technologies, it takes a depth-

oriented approach that enables practical, transferable design guidance. As such, this dissertation
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Figure 1.1: The National Council's Double Diamond Design Process

is situated within a critical-pragmatic contextual orientation, drawing on an Intersectional Critical
Disability Theory (CDT) and Pragmatism. Knowledge is treated as socially constructed and
shaped by context, yet also judged by its usefulness in addressing accessibility challenges.
The research scope was also de ned, in part, by its participant population. Adults and older
adolescents with DS were recruited from Mid-Atlantic regions to re ect a range of experiences
and contexts. This group was selected to focus on individuals aspiring to or already taking on

more responsibility in their daily health management. Inclusion criteria were consistent across
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all studies: participants had to be 16 or older, have a diagnosis of DS, be able to verbally provide
feedback, and regularly use technology. While study partners (e.g., parents, caregivers, or trusted
adults) were allowed to participate, the focus remained on minimizing proxy involvement and
enabling participants to engage as independently as they preferred.

The rst two studies establish foundational insights by exploring the context of use and
baseline skills. Study 1 and 2 identify existing graphicacy and digital skills, barriers to compre-
hension, and how different visualization types affect understanding. These insights informed the
co-design workshops and experimental evaluation in subsequent studies, where design adapta-
tions were collaboratively developed and tested. The nal scope re ects both a pragmatic fo-
cus—on cognitive accessibility in HDVs for a speci ¢ population—and a forward-looking goal
of generating insights that can support others with similar literacy, numeracy, and graphicacy

needs.

Dissertation Research Question:

How can the visual design and interactive features of health data visualizations (HDVS)
be made more accessible and better aligned with the graphicacy skills, strengths, and

abilities of adults and older adolescents with Down Syndrome (DS)?

This question addresses the concern that 1) current HDVs are often inaccessible to people with
DS, and 2) both the visual representation and interaction patterns of these systems require recon-
sideration to support comprehension, engagement, and shared decision-making. The dissertation

therefore emphasizes accessibility across both dimensions: design and interaction.

12



1.4.2 Stage-Specic

While this overarching question uni es the dissertation, answering it required a staged and itera-
tive approach. Each study pursued within the Double Diamond framework was designed with its
own aims and research questions, which together contributed partial answers that progressively
built toward a comprehensive response. The details of these stage-speci c aims and research
guestions are introduced in the subsections that follow, where each study is situated within its
Double Diamond phase. The rst two studies focused on establishing a baseline understanding
of how people with DS use and make sense of HDVS. In contrast, later studies generated design
requirements and evaluated accessibility features. In this way, the sequence of stage-speci c re-
search questions functioned like scaffolding—each one lling a gap in knowledge, highlighting
the questions that need to be prioritized in the subsequent studies.

Prior to any study, four subject-matter experts (SMEs) were consulted to provide the initial
grounding in the dissertation's research area to be relevant to the wider DS community's needs
and preferences. Their input directly informed the health topics explored, identi ed underex-
plored paths of inquiry, clari ed aspects of the learning pro le of students with DS, and high-
lighted physical and digital barriers that would need to be addressed via more inclusive methods
and approaches in the overarching dissertation's design. These consultations shaped not only the
overall aims of the dissertation, but also the stage-speci ¢ research questions, scope, and method-
ological approaches. They ensured that every step of the research process could be better aligned
with both the participants, future study feasibility, and longer-term goals for more independent,
direct involvement of people with DS in HCI research.

The SMEs represented diverse perspectives: a self-advocate with DS, a physician and med-
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ical director of a DS specialty clinic, an occupational therapist who exclusively worked with ado-
lescents and adults with DS, and a mathematics education professor with expertise in teaching
students with DS. Each provided crucial insights that guided key elements of the overall disser-
tation's design. For example, the self-advocate emphasized everyday health concerns and noted
interpersonal tensions involved in decision-making. The medical director underscored the high
prevalence of obstructive sleep apnea and other sleep disorders ( 65%) in the population and the
importance of proper CPAP use, recommending sleep and brain health as areas of focus [125].
They also suggested that weight management should be a speci ¢ topic explored, as HDVs might
be particularly relevant to the health and well-being of the population (i.e., obesity in 25% of
adolescents and around half in adults [39]; 39% to 61% of adults have thyroid disorders, which
impact the ability to maintain a healthy weight and whose incidence increases with age [276]).
As a result, exercise and nutrition were also added as key topics to explore. The special educa-
tion mathematics professor highlighted the absence of literature on teaching data visualization to
individuals with DS, particularly in relation to health literacy, and suggested beginning simply
by asking participants to “describe what they see” when rst teasing out what parts of an HDV's
anatomy were immediately noticeable and judged to be relevant enough to mention aloud. Fi-
nally, the OT and self-advocate identi ed immediate accessibility barriers—such as overly text-
heavy materials—and recommended providing a reduced number of multiple-choice options that
participants could point to if they were feeling shy or struggling to express themselves.

Taken together, the sequence of studies detailed below re ects a commitment to inclusiv-
ity and rigor: moving from identifying systemic challenges, to co-creating potential solutions, to
evaluating their effectiveness in ways that directly involve people with DS at each stage. The iter-
ative and cumulative structure of the research ensures that ndings build logically on one another,
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while the inclusive methods demonstrate how design processes can be reshaped to meaningfully
involve people with IDDs. By taking this approach, the dissertation not only addresses the cen-
tral research aims but also models how accessibility-centered practices can inform broader elds

such as HCI, health informatics, and data visualization.

1.4.2.1 Study 0: Getting off to a Good Start in the Preparation Stage

The aim of this pre-dissertation stage (the Preparation Stage) was to leverage SME guidance to
develop and re ne accessible research materials and procedures that would facilitate the indepen-
dent participation of people with DS while reducing reliance on proxy responses. The Preparation
Stage (Study 0) also introduced initial methodological adaptations necessary to ensure partici-
pants could engage fully and meaningfully in later studies. This included testing accessibility
features for consent, re ning question formats, and developing activity structures that minimized
cognitive load while still generating rich data. Together, these methodological trials shored up the
dissertation's foundations by ensuring that participant-facing materials (e.g., consent and assent
forms, sign-up documents, interview protocols) were accessible and inclusive, so that later re-
search studies could record the direct responses of people with DS rather than the more common
practice of prioritizing proxy interpretations.

The initial drafts of study materials were informed by SME input and then iteratively co-
re ned with the self-advocate, who evaluated and provided direct feedback on their accessibility,
clarity, and relevance to individuals with DS. Inclusive practices were systematically incorpo-
rated—for example, pairing images with text and supporting pointing responses for participants

who were feeling shy or struggling to express themselves by presenting content inspired by Aug-
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mentative and Alternative Communication (AAC) boards, which are used as a communication
aid in health and in educational settings as they are frequently used to teach students with DS
how to read. In addition to drawing upon established accessibility methods from educational
best practices and the learning pro le of students with DS, these strategies were also informed
by technology studies' suggested usability and accessibility improvements for the DS population
and then adapted to t this research context.

Initially, these approaches toward an accessibility- rst study design were evaluated in col-
laboration with the self-advocate. They were later “piloted” more broadly in the dissertation's
rst half before being further re ned in latter studies. The scope of Study 0 was intentionally
limited to the self-advocate SME and eight participants who participated in the rst and second
studies. Rather than producing generalizable ndings, Study 0 focused exclusively on exploring
adaptations to participant-facing materials and procedures across a variety of research activities.
The constraints of time and resources made this narrow scope necessary but also appropriate,
since its purpose rst and foremost was to proactively identify and remove accessibility barriers
before formal data collection began.

As a result, the guiding research question (RQ) for Study 0 captured this focus:

Study 0-RQ: How can participant-facing research materials (e.g., sign-up forms,
interview questions) and study procedures (e.g., consent and assent) be made more
accessible to better facilitate the independent participation of, and direct feedback

from, people with DS in the design and development of health data and information?

The answer to Study O's research question established the entire dissertation's methodological

foundation. The accessibility adaptations embedded in the “Preparation Stage” ensured that sub-
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sequent studies could collect richer, more representative data directly from participants with DS,
avoiding the eld's common overreliance on second-hand interpretations of participant behavior.

In this way, the Preparation Stage not only minimized unintended barriers but also modeled an
asset-based approach to research that placed participants' strengths at the center, with every study
activity meticulously constructed to support their ability to fully participate. Building upon this
foundation, the dissertation transitioned into Study 1, the rst “pilot” of the accessible materi-

als and procedures, to uncover their communicative strengths and areas for improvement as the

dissertation progressed.

1.4.2.2 Study 1: Exploring the Problem Space and Context in the Discovery
Stage

The Discover Stage (Study 1) sought to uncover the contextual factors that impacted how adults
and older adolescents with DS engage with technology and manage their health in their daily
lives. Interviews were structured to capture the underlying information needed to assess potential
complexity in the problem space, including context of use, digital skills, prior health management
experiences, knowledge and awareness, and personal preferences. As such, this stage's aim was
two-fold. First, it sought to uncover the traits of participants' experiences with digital health (i.e.,
develop a baseline understanding of technical skills and knowledge). Study 1 also was designed
to identify any DS-speci ¢ barriers to their ability to participate during shared decision-making
processes that could be informed by the health data visualized in digital health management
systems and devices. Toward these aims, Study 1 consisted of two semi-structured exploratory

interviews.
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Some populations are classi ed as vulnerable and can be particularly dif cult to recruit.
Despite years of volunteering with various DS organizations, Study 1's scope involved a small
sample of elevent adults and older adolescents with DS from the Mid-Atlantic region in America,
plus an individual from Australia. However, the sample was still diverse and included a range
of perspectives and lived experiences. Interviews were conducted either in-person or virtually,
depending on post-pandemic preference. Participants also chose their study partner’s level of in-
volvement had (i.e., independent, on-site only, supported communication between researcher and
participant). Interview sessions were adapted using the accessibility practices re ned in Study
0, including simpli ed language, paired text and images, opportunities for clarifying questions,
scaffolding of information to minimize cognitive load, and maximizing independence.

This study was guided by two RQs.

S1-RQ1: What are the technical skills and abilities of adults and older adolescents
with DS as they use digital technologies in their daily lives and during health man-

agement?

S1-RQ2: How might future digital systems help older adolescents and adults with
DS balance their autonomy with personal safety as they interact with digital health

management systems with social features?

The rst half of the study characterized people with DS's technology use, preferences,
and skills, pro ling the strengths, abilities, and contexts in which interactions with HDVs within
applications and devices can occur. As the population thrives socially [40] and bene ts from
peer-modeling [93,117,311], the latter half's ndings focused on the barriers facing people with

DS when using digital health systems with social features. This portion of the study described the
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tensions and trade-offs between personal autonomy—which encourages more active engagement
through self-determination—and the need to maintain digital safety to avoid abuse or exploitation
commonly experienced within the population, particularly in digital health systems that employ
social features to increase engagement [13,127,291]. By teasing apart these complexities, Study
1 not only ensured that any future potential solution (e.g., Study 4's prototypes) would align
with the population's unique digital skills and preferences, but it also highlighted how even well-

intentioned features that align with their experiential preferences can still introduce challenges.

1.4.2.3 Study 2: Narrowing the Focus in the De ne Stage

The De ne Stage (Study 2) built directly on the exploratory work of the Discover Stage by shift-
ing focus from broad contexts of technology use to a more rigorous assessment of HDV literacy,
also called graphicacy. The primary aim was to collect data related to the graphicacy skills of
people with DS, identifying the barriers they face when making sense of and interpreting differ-
ent types of HDVs. This stage sought to provide an initial characterization of data visualization
“reading” skills and to begin to unravel the threads that can limit their ability to make sense of
visualized health data.

To achieve this aim, the study integrated accessibility lessons from Study 1 into a researcher-
administered survey that directly assessed participants' graph-reading skills. Ten adults and older
adolescents with DS were recruited predominantly from the Mid-Atlantic area of the United
States. One participant was from Australia. Again, participants could choose whether they
wanted to do the study in-person or virtually. In Study 2, participants were presented with six

types of static health-related visualizations commonly used in clinical and personal health con-

19



texts: tables, bar charts, stacked bar charts, line graphs, dual-axis line graphs, and scatter plots.
Participants answered structured questions targeted speci ¢ steps in the visualization reading
process. Five of the six visualizations had thirteen questions while the stacked bar chart had two
more.

These graph reading tasks ranged from identifying labels and speci ¢ values to comparing
categories, interpreting trends, and then extrapolating and leveraging the data to make insights
and potentially apply them to behavior change or to inform decisions. Additional clarifying ques-
tions, probes, and follow-ups were also asked in real time. By embedding accessibility features
and follow-up probes, the study not only provided structured measures of comprehension but also
captured qualitative insights into moments of dif culty, confusion, and successful strategy use.

This study was guided by one RQ:

S2-RQ: What are the graphicacy skills of people with DS as they read and make

sense of the information presented in HDVs?

Findings from Study 2 documented common barriers, such as information overload, dif culty in
recovering after accidental misinterpretation, confusion around visual encoding and the partici-
pants' strengths (e.g., visuospatial) that aided their comprehension. At the same time, the study
identi ed design opportunities to better align HDVs with the strengths and strategies of this pop-
ulation, thereby reducing inference-making barriers and improving accessibility by addressing
both design-based and task-based challenges. As a result, the De ne Stage was able to re ne the
exploratory ndings from Study 1 into a concrete map of barriers and strengths, which laid the

groundwork for the co-design workshops in Study 3's Develop Stage.
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1.4.2.4 Study 3: Exploring Ideas in the Develop Stage

Like Study 1, the Develop Stage diverges to freely explore potential approaches and design so-
lutions within the better-de ned problem space. Study 3 consisted of a series of three co-design
workshops held in different locations across the Mid-Atlantic region of the United States. This
stage aimed to collaboratively explore potential HDV design and interaction strategies that could
better support inference-making and information synthesis. Whereas Study 1 looked at the broad
research eld and Study 2 focused on de ning population-speci ¢ graphicacy skills and barri-
ers, Study 3 shifted its now narrowed attention toward addressing any outstanding graphicacy
questions or identi ed challenges.

For example, the rst workshop explored how the co-designers with DS talked about
data, made connections between things, used abstract comparative or superlative language (e.g.,
greater, lesser, most, least), and categorized the various data. The Develop Stage also explored
how people with DS teach others to identify approaches and strategies to better understand how
they learn. The second and third workshops asked participants to teach others to identify the var-
ious information-connection strategies and communicative techniques they use to create a shared
understanding of new content.

The scope of Study 3 was de ned by its use of qualitative, participatory, and community-
based methods. Each workshop was held in person and had 2-5 participants. Participants could
take part in all three workshops, but they could not repeat a workshop. As a result, there were
three rounds for each of the three workshops (nine total) involving ten participants. While the
number of participants for each workshop was limited, the workshops were intentionally small

to encourage collaboration without causing overstimulation or unnecessary distractions. Partic-
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ipants were recruited using snowball sampling; participants were people from previous studies
who wanted to be contacted for future research or were recruited from posts circulated by var-
ious local, state, and national DS organizations that the author volunteered with throughout the
author's graduate studies. The participants could also choose whether or not they had a SP with
them and the level of their SP's involvement.

The RQs guiding this stage re ected its focus on translating barriers into design opportunities.

As such, each of the three workshops had its own goal and corresponding RQ.

S3-W1-RQ: How do people with DS think about and organize health data for visu-

alizations?

S3-W2-RQ: What information-connection strategies do people with DS use to teach

others new content?

S3-W3-RQ: What communication techniques do people with DS use to explain

health information to others?

Study 3 centered on a series of co-design workshops that were co-developed and facilitated with
guidance from experts in participatory design and DS-speci ¢ community engagement. These
experts included: 1) a participatory design researcher with decades of experience designing and
facilitating technology workshops for youth and young adults; 2) a participatory design meth-
ods developer whose Talisman framework [85] intentionally integrates the identities and lived
experiences of underrepresented communities into workshop activities by using personal design
materials to shift power dynamics; and 3) a certi ed Improvaneer [264] director with a local DS
non-pro t organization who applies improv techniques to strengthen problem-solving, situational
adaptability, focus, and creative thinking skills in individuals with DS. Their combined expertise
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ensured that the workshops were not only accessible and engaging but also capable of elicit-
ing authentic, independent contributions from participants—an essential corrective to the eld's
overreliance on proxy input.

To achieve these aims, participants engaged in structured activities such as categorization
exercises informed by the Talisman Method [85], storytelling through the community practice of
improv (increasingly popular with DS community non-pro ts in several Mid-Atlantic states), and
a range of improv-based approaches that used play and creativity as vehicles for building men-
tal exibility, situational adaptability, and verbal expression. These activities were deliberately
scaffolded to minimize cognitive load while providing space for participants to independently
communicate strategies, approaches, and techniques they use both in daily communication and
in making sense of new information.

The workshops generated rich multi-modal data, including design artifacts, participant
guotes, observational notes, and participant-submitted storytelling and “how-to” videos. Stage
3's diverging yet pragmatic scope prioritized depth of engagement and richness of design insight
over breadth—an approach particularly appropriate for co-design activities with marginalized
communities whose disabilities deem them a vulnerable population. By integrating and triangu-
lating these multiple data sources, Study 3 provided a nuanced understanding of how interactive
supports could reduce inference-making barriers and enhance the accessibility of the HDV pro-

totypes that would be evaluated in future work.
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1.5 Dissertation Structure

This Chapter outlined the overarching research problem and its signi cance, as well as the aims,
scope, and RQs investigated by the studies at each stage of research. Chapter 2's Background
and Literature Review describes the various lenses and theories that inform and can impact data
collection and analysis, as well as additional information to provide foundational knowledge for
the studies. Chapters 3 (the Preparation Stage: Study 0) through 6 (the Develop Stage: Study
3) detail each study (i.e., study-speci c background, methods, results, discussion, limitations,
conclusion). Chapter 7, a cross-study discussion of the accessibility threads, includes lessons
learned, key takeaways, and additional emerging trends or themes that wove their ways through-
out the various dissertation studies. Finally, Chapter 8 describes dissertation-wide limitations
and the potential impact thereof to the studies’ generalizability and validity. It also describes new
avenues for future research and then concludes with a brief overview of the lessons learned and

key takeaways.
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Chapter 2: Lenses and Literature

After describing the author's epistemological lenses and theoretical underpinnings, this chapter
provides essential background information and discusses previous related research to justify the
research area of interest as well as to provide additional context surrounding the problem space.
Additionally, this chapter includes an overview about the broader DS population, their various
skills and abilities, and HDVSs. It also describes past work related to data visualization accessibil-
ity. The chapter concludes by describing the potential of data storytelling as an inference-making

bridge that may better support their understanding of and engagement with HDVSs.

2.1 Epistemological Lenses & Theoretical Underpinnings

This section discusses various epistemological lenses and theoretical underpinnings that directly
informed this body of work. This dissertation uses a complementary epistemological approach—a
practical choice because of its focus on the interaction occurring between people with disabili-
ties and the tools they use to manage their health. The two primary epistemological lenses that
guide this work, CT and Pragmatism, together support the integration of theoretical perspectives
that address cognition, lived experience, and justice. The following sections describe and re ect
upon how these epistemological approaches and complementary theories interact with each other,

shaping both completed and future research activities in the area of digital accessibility of HDV
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for people with DS.

This dissertation's multi-faceted theoretical background creates a kaleidoscope of philo-
sophical, cognitive, ethical, and motivational perspectives to better understand how people with
DS engage with and make sense of digital HDV, as well as to identify what kinds of supports
enable these visualizations to align more closely with their strengths and abilities. The author's
epistemological grounding begins within Pragmatism, which views knowledge, truth, and mean-
ing as contingent upon lived experience and practical consequence (i.e., what proves useful in
context). Through the lens of CDT, this view expands to question the social and structural con-
ditions that de ne ability and access (e.g., who determines what counts as “normal” and why).
From there, models of cognition such as the 4E Cognitive Model and (micro)phenomenology
emphasize the embodied, relational, and experiential nature of knowing (i.e., how understanding
often arises through bodily engagement, emotion, and lived action). Entanglement theory then
builds on these ideas by showing how human—technology relations are co-constituted rather than
separate, revealing how sociotechnical forces shape accessibility itself. These perspectives also
intersect with the principles of Disability Justice, situated within the emerging Fourth Wave of
HCI, which centers care, re exivity, and intersectional design ethics. Lastly, Self-Determination
Theory (SDT) highlights how sustained engagement and agency depend upon the ongoing inter-
play of motivation, autonomy, and competence as individuals navigate their health-related tech-
nologies. Together, these perspectives create a multifaceted frame for examining how cognition,
technology, and justice intersect in this research—and how those understandings, in turn, shape

the author's research practices, analytic approach, and resulting design recommendations.

26



2.1.1 Pragmatism

One epistemology that informed this work is pragmatism. Taking a pragmatic approach to solving
a technology-based problem aligns well with this dissertation's focus, aims, and methods used to
reach those ends. First, Pragmatism's pluralistic view of reality [161] ts because people with DS
are themselves highly diverse and come from a wide variety of backgrounds where myriad factors
can impact their view of reality. In this way, a participant's truth is Itered through their lived
experiences and personal beliefs and values. These personal experiences and beliefs, in turn, im-
pact how they interact with digital systems and devices. Secondly, truth in pragmatism is seen as
whatever is useful and works [161]. This practical view of what is true similarly complements the
outlook and approaches used in the eld of HCI. In other words, pragmatism positions knowledge
as something realized through experience and practical action. Finally, pragmatism's overarching
goal is to solve problems that result in making practical changes and producing knowledge [161].

Pragmatism is a good t as this corpus' goal to improve practical information components
within health-oriented systems and devices, to produce a positive societal change for oftentimes
marginalized individuals, and to contribute to data visualization accessibility knowledge. Prag-
matism aligns with the overarching aims of improving the digital health experiences of individu-
als with DS, so they can be informed and take an active role during medical decision-making that
directly affects them.

Pragmatism provides the methodological exibility to combine qualitative, quantitative,
and participatory methods according to the needs of each research stage. Towards these ends,
pragmatism uses mixed methods to practically tease apart the problem needing to be solved and

to enact positive change [161]. The use of mixed methods has the added bene t of supporting
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research efforts that are exploratory (i.e., understand the nature of a novel research avenue of
inquiry). Pragmatism thus can be useful during a multi-study research that may need to pivot and
adapt to new understandings as the problem space becomes increasingly better understood.
Pragmatism particularly aligns with accessibility research because it prioritizes conse-
guences (i.e., what knowledge enables people to do rather than abstract claims about "truth”).
As a researcher who intends to use multiple methods to produce knowledge and practical so-
lutions via triangulated data across all study phases, pragmatism ts that aspect of the studied
phenomenon of interest. Furthermore, instrumentalism, a sub-type of Pragmatism, views other
theories and concepts as additional tools and resources to be used during the problem-solving
process [174]. It supports the use of more than one approach (e.g., a dissertation informed by
more than one epistemology and multiple underpinning theories), so long as the resulting product
(i.e., the solution to the HDV accessibility problem) is useful. When data are viewed through a
pragmatic lens, knowledge is evaluated in its capacity to generate usable insights that improve
lived experiences of people with and without disabilities, as well as the communities to which

they belong.

2.1.1.1 Conicting Models of Disability

Both Critical (Disability) Theory and intersectionality exist within two competing models of dis-

ability that can further impact the lived experiences of people with DS. Broadly speaking, there
are two main models for disability: the medical and the social. The medical model views dis-
ability as a consequence of a trauma, disease, or condition that is a de cit to the body's “typical”

function or structure. In this view, medical professionals view disabilities as something to be
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“ xed” to “normalize” their body to be as close to a “typical” body as possible [316].

Conversely, the social model of disability sees disability as a limitation not originating from
within the individual but from existing barriers in the environment, which stem from an ineffec-
tive social organization [316]. These barriers caused by in exible organizational practices result
in the individual unjustly experiencing attitudes of prejudice, stereotyping, and discrimination.
In this model, disability is a social construct and is viewed neither positively nor negatively. The
social model of disability is typically used by people who identify as having a disability, acces-
sibility academics, and other disability advocates. According to this model, the focus is upon
altering the environment and people's understandings of people with disabilities through the cre-
ation of more inclusive social structures. The social model advocates for not focusing on treating
the disability of the individual.

The main difference between these two models is that the medical model sees disability
as a de cit, while the social model sees each individual as person within a system, structure,
situation that bars their ability to effectively do or use something. The problem becomes what
this means in actuality. Both models agree that the cause of the barrier is responsible for its
removal. However, the medical model sees a non-normative body as the cause for the barrier to
effective use. Thus, aligning that body to that norm would x the issue. In contrast the social
model recognizes that people do not get to choose their bodies, that life, social determinants,
and circumstance can change a body. The body is not the issue. How society, like the medical
system, treats that body as both the cause of the problem and the only solution, is the true barrier
to an individual's ability to effectively do, use, or even to simply exist. Rather than putting the
responsibility of use and existence on the person, the social model shifts the onus of ensuring the

various institutions, environments, and other external (or digital) structures that are not barriers to
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people. It is responsibility of those external barriers to change and become accessible. As such,
the social model of disability best aligns with the focus of this research: navigating digital health
systems and services that were not made by them, that they have to interact with, that affect their
bodies and lives, and that were made in such a way that they are inaccessible to them. The social
model can also more accurately encompass the complex, subjective lived experiences of people
with DS and how their unique interactions by simply existing within an inaccessible society. In
doing so, the social model furthers the long-term aims of this research—addressing barriers to
self-advocacy across health settings, because those settings and systems in their current state, bar
their ability to actually make decisions about what happens to their bodies and, by extension,

their overall quality of life.

2.1.2 Critical (Disability) Theory

Reality, as described in Critical Theory (CT) [95,141,178], is shaped by the society where the in-
dividual lives, and any resulting research ndings are local, context-speci c examples of truth—a
truth directly in uenced by the individual's interpretation. For many people with DS, agency, au-
tonomy, and independence are core personal goals that they aspire to. CT also reveals existing
societal power structures. It posits that social problems, such as inequitable access to informa-
tion and a lack of agency over one's medical decisions, are not caused by any de cit within the
individual.

Rather, disempowerment is caused by cultural assumptions and inequitable societal power
structures (e.g., disability stigma). Instead of only examining and criticizing unfair environments

and systems, CT simultaneously suggests potential solutions that could be more equitable (i.e.,
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how to improve the lived reality of individuals within that inequitable society). In this way,
CT's goal likewise aligns with this dissertation's aims: to improve the digital accessibility of data
visualizations in personal health systems to increase people with DS's ability to self-advocate and
manage their health more equitably. In addition to critically examining the health environments
that people with DS exist within and critiquing the barriers they face, this work will result in
potential solutions to enact positive social change.

Building on this pragmatic view of knowledge as lived and consequential, CDT (CDT)
introduces the ethical and political dimensions of how those experiences are valued or devalued
within social and technological systems [118]. CDT is a set of interdisciplinary theoretical ap-
proaches that sees disability as “a concept that pervades all aspects of culture: its structuring
institutions, social identities, cultural practices, political positions, historical communities, and
the shared human experience of embodiment” [106]. By directly challenging de cit models of
disability, CDT frames disability as a socially constructed, historically situated, and politically
charged category (as described in subsection 2.1.1.1). It rejects the notion of disability as a
problem to be solved and instead foregrounds the structural conditions—ableism, inaccessible
environments, and normative assumptions—that produce exclusion. By adding an intersectional
lens, universalized representations of disability are challenged by instead centering multiplicity
and including diverse ways of being and knowing. As this overarching research project directly
involves people with disabilities, this corpus will, more speci cally, use an Intersectional CDT as
a focused lens to examine the various users, contexts, tools, social structures, and power dynamics

experienced across health contexts (see subsection 2.1.2.2) [66, 165].
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2.1.2.1 Design Justice and Crip Technoscience

While CDT shines a light on the structural barriers that shape people's lived experiences, Design
Justice [200] and Crip Technoscience [119] extend this critique into the realm of technology
design. Design Justice asks who designs, for whom, and under what conditions, emphasizing that
design practices are never neutral but always political. It challenges the assumption that inclusive
design is automatically benevolent, calling attention to how design often reproduces systemic
inequalities such as ableism and racism. The Design Justice Network's principles advocate for
systems, services, and processes to center those most impacted by inequity and intentionally
make space for those who experience unjust, man-made barriers [200]. Within this framework,
disability is not a de cit to be corrected but a cultural and political identity around which new
forms of relational design can emerge.

Crip Technoscience deepens this commitment by foregrounding how disabled people en-
gage with, adapt, and transform technological systems [119]. It highlights the use of hacking,
modi cation, and creative workarounds as legitimate and valuable forms of digital design exper-
tise. These everyday interventions expose the hidden labor required to make inaccessible systems
usable and demonstrate that access itself is an evolving, collective process rather than a checklist.
Crip Technoscience also critiques universalist paradigms that atten difference in the name of
inclusivity, arguing instead for situated, relational access practices grounded in lived experience.
Together, these frameworks bridge disability theory and design practice, positioning accessibility

as both a moral imperative and a site of knowledge production.
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2.1.2.2 Intersectionality

While CDT is central to this dissertation, disability is not the only kind of social identity people
with DS may have that can also create barriers in health systems and environments. Because of
this, intersectionality is another valuable theoretical perspective to incorporate. “Intersectionality
is a lens through which you can see where power comes and collides, where it locks and inter-
sects. Itis the acknowledgment that everyone has their own unique experiences of discrimination
& privilege” [66]. Intersectionality describes how systems of inequality based on various dimen-
sions (e.g., race, ethnicity, gender identity, sex, class, language, religion, ability, sexuality, age)
intersect to create unique dynamics and effects within an individual's lived experiences [87]. It
views these intersections within systems of inequality and inequity as being mutually constituted
rather than separate from each other [66]. Much like Critical Disability Theories, intersection-
ality examines the processes, practices, policies, and structures that increase the risk of people
experiencing disadvantage or discrimination because of their intersecting identities.

By examining the intersection of disability and other potential avenues of discrimination
that people with DS may experience, this work hopes to more holistically understand their lived
experiences, the limitations placed upon them across various health environments, the barriers
they face, and what potential digital health solutions may mitigate or eliminate some of those
points of discrimination by integrating their intersecting identities into the potential solution.
Furthermore, from a pragmatic standpoint, this additional theoretical lens encourages the design
of digital features that more directly re ect the complex experiences of this very diverse popula-

tion.
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2.1.3 Cognition in Context: 4E and (Micro)Phenomenology

Understanding how people think and learn within these sociotechnical contexts requires atten-
tion to the cognitive and experiential dimensions of accessibility. The 4E model of cogni-
tion—embodied, embedded, enacted, and extended—rejects the idea of mind as isolated com-
putation and instead positions cognition as distributed across body, environment, and culture
[185,201]. For people with intellectual and developmental disabilities, cognition is often enacted
through routines, relationships, and artifacts that scaffold understanding. This perspective aligns
with pragmatism's emphasis on knowledge as action: cognition emerges through doing. While
4E describes the structure of cognition, microphenomenology captures its lived texture through
aspects of attention, emotion, and bodily awareness that in uence people as they interpret and
make sense of the world [124,229].

This combination is essential for understanding participants whose sense-making may rely
on affective resonance, analogy, or narrative more than abstraction, particularly when reasoning
seeks coherence in a way that makes sense to them. With this in mind, this dissertation uses this
combination as a data analysis approach to deepen understanding of the subjective user experi-
ence of people with DS. It has the potential to inform the creation of more intuitive technologies
and encourage researchers to self-re ect on how their assumptions and biases may affect how
they see, interpret, and construct a narrative of their data. In the case of this dissertation, the
author views people with DS holistically and seeks to describe their actual user experiences as

they interact with HDVs.
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2.1.4 Self-Determination Theory

As previously mentioned, patients with DS are subjected to various social and power structures in
medical contexts. Their intersectional identities can also impact how TD members of their health
team perceive them. These perceptions can be further impacted if those team members see them
through the lens of the medical model of disability. As such, there are many contributing factors
that can impact not only the quality of care individuals with DS receive, but also their role during
health decision-making processes. Furthermore, the design of digital health systems and devices
intended to be used by people with DS to manage their health are more likely to be inaccessible
because the technology design and development activities did not even include them. As a result
of the interactions between these societal, contextual, interpersonal, and digital factors, patients
with DS may not be as active in their health management and decision-making.

In fact, these various factors may instead create circumstances that facilitate and perpetuate
people with DS as passive patients, who are not actively engaged with their health. Reality then
becomes that many of their healthcare management decisions are determined by others (e.g.,
medical professionals, parents). This suggests that shifting them from passive patients to being
more actively engaged with their health management may require enabling them to make more
self-directed choices about the care of their bodies.

SDT is a motivation macro theory, which states that any effective behavioral changes,
like adopting and maintaining healthy habits, must be intrinsically motivated by the individ-
ual. SDT posits that there are three foundational psychological needs necessary to truly moti-
vate self-initiated behavior changes [241]. According to Self-Determination Theorists Deci and

Ryan [242], the three human needs required for that individual to be self-determined are:
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» Autonomy — “feeling willingness and volition with respect to one's behavior ... to experi-

ence self-endorsement and ownership of their actions.”

» Competence — “feeling effective in one's interactions with the social environment—that is,
experiencing opportunities and support for the exercise, expansion, and expression of an

individual's capacities and talents.”

» Relatedness (also called Connectedness) — “feeling connected and involved with others and

having a sense of belonging.”

Autonomy, competence, and relatedness are the “most predictive and reliable mediators of mo-
tivation, engagement and well-being” [221]. They are linked to patient motivation [242, 292],
behavior change [45, 103, 205, 221] and setting and attaining goals [82,293]. When these three
basic human needs are met, self-determined patients exhibit higher engagement with their health,
experience a higher quality of care, see improved outcomes, and report a better quality of life
overall [50, 160, 202, 205]. Self-determined people with IDDs, in particular, may see improve-
ments to adult employment and greater inclusion within society [151, 226, 260, 299].

All of these elements (i.e., self-determination, collaborative decision-making, health man-
agement) are interrelated. “Decision-making is a central element of self-determination, empow-
erment, and social inclusion for people with disabilities” [301]. As such, the three underlying
needs are likewise integral to collaborative medical decision-making [15]. For example, to make
autonomous decisions in either physical or digital health contexts, the decision process should
not hinder that individual's ability to make a decision (i.e., their competence). It must also sup-
port their ability to choose who they connect with (i.e., family, support personnel, or medical
professionals) and when to involve them in any health-related decisions.
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Due to SDT's mediating relationship to effective behavior change and maotivation, it is
often integrated into patient-centered care [15] through empowerment conceptual frameworks
[188]. Self-determined interactions can also improve an individual's overall user experience
[121] within digital health management devices, systems, and services. Given SDT's underpin-
ning of both medical decision-making and health technology research [44,242,292] and its po-
tential to empower people with DS during collaborative digitally-mediated health processes, this

study uses SDT to also inform research study design and methods, data collection, and analysis.

2.2 People with DS

Around one in every 779 babies born in the US has DS [72]. DS is a commonly occurring
genetic disorder caused by an additional full or partial copy of chromosome 21 [39, 107]. This
chromosomal variation impacts developmental processes and can result in a diverse range of
cognitive, physical, and sensory differences [39, 97, 203]. It is the most common chromosomal
condition associated with intellectual and developmental disabilities [39, 72, 107].

There is high inter-individual variability in cognitive pro les [214]. Most individuals with
DS have mild or moderate levels of intellectual disability ( 85% and 10% respectively), while
severe (4%) or profound ( 1%) classi cations are rare [62,156,192,219]. Intellectual disabil-
ity can affect intelligence (e.g., discovering, justifying, making choices, solving problems) and
adaptive and executive abilities [39,114]. Tables 2.1, 2.2, 2.3, 2.4 provide a breakdown of these

classi cations from various sources [1,11,12,62,219].
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Table 2.1: Descriptive Indicators of a Mild ID

Level Adaptive Functioning & Practical Skills

Mild Developmental Milestones: May show slight delays in walking, talking, or self-
care, often achieving milestones with early intervention.
Adaptive Behaviors (Daily Living Skills): Can perform most self-care tasks in-
dependently; may need support with complex routines (e.g., budgeting, transporta-
tion).
Cognitive/Intellectual Pro le: Capable of understanding concrete concepts and
solving familiar problems with support.
Communication/Language: Communicates clearly using age-appropriate lan-
guage, though may struggle with abstract language or sarcasm.
Social and Emotional Functioning: Can form friendships, participate in group
activities, and learn social norms with guidance.
Learning Abilities: Learns best with visual, hands-on methods; achieves academic
levels up to 6th grade or higher with support.*
Employment: Often succeeds in supported or competitive employment settings
with appropriate job training.
Independence: Frequently lives independently or semi-independently with occa-
sional support.

*Higher levels of academic achievement are possible with appropriate
supports [60,92,187,274].

Table 2.2: Descriptive Indicators of a Moderate 1D

Level Adaptive Functioning & Practical Skills

Moderate Developmental Milestones: Delays more noticeable, especially in language and
ne motor skills; many achieve mobility and basic communication with support.
Adaptive Behaviors (Daily Living Skills): Can learn basic hygiene, dressing,
and chores; bene ts from modeling, prompts, and routine.
Cognitive/Intellectual Pro le: Understands cause-and-effect in familiar con-
texts; bene ts from repeated practice and structured environments.
Communication/Language: Uses simple spoken language effectively; may rely
on gestures or visual supports.
Social and Emotional Functioning: Engages socially in predictable environ-
ments; may need coaching to interpret social cues.
Learning Abilities: Attains academic skills up to about 2nd-4th grade level
with support; responds well to repetition and structure.
Employment: Can perform tasks in supported employment settings or voca-
tional programs with supervision.
Independence: May live semi-independently in supported housing environ-
ments such as group homes.

38



Table 2.3: Descriptive Indicators of a Severe ID

Level Adaptive Functioning & Practical Skills

Severe  Developmental Milestones: Achieves early milestones (e.g., walking, basic
speech) later than typical; may use assistive devices.
Adaptive Behaviors (Daily Living Skills): Bene ts from consistent one-on-one
support for dressing, toileting, eating, and mobility.
Cognitive/Intellectual Pro le: Understands simple routines and familiar tasks;
responds to repetition and environmental cues.
Communication/Language: Uses key words, short phrases, signs, or commu-
nication devices to express needs.
Social and Emotional Functioning: Recognizes and responds to caregivers and
familiar people; may enjoy music, sensory play, or shared activities.
Learning Abilities: Learns through modeling and concrete experiences; bene ts
from visual aids and structured teaching.
Employment: May participate in highly structured, supervised activities in day
programs or therapeutic work environments.
Independence: Requires extensive support with all activities of daily living;
may live in residential care settings.

Table 2.4: Descriptive Indicators of a Profound 1D
Level Adaptive Functioning & Practical Skills
Profound Developmental Milestones: Milestones signi cantly delayed or absent; may

require lifelong physical support.

Adaptive Behaviors (Daily Living Skills): Requires full assistance with all
daily living and medical care.

Cognitive/lntellectual Prole: Demonstrates awareness of environment
through sensory input; bene ts from predictable routines.
Communication/Language: Uses non-verbal approaches, such as eye gaze, fa-
cial expressions, gestures, or sounds.

Social and Emotional Functioning: Shows responsiveness to familiar voices,
touch, and emotional tone; may express joy or distress clearly.

Learning Abilities: Learns through repeated exposure and consistent interac-
tion; engages with sensory-rich environments.

Employment: Typically not employed but may participate in meaningful sen-
sory or therapeutic activities with support.

Independence: Requires pervasive support and supervision; lives in highly sup-
portive environments with continuous care.
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2.2.1 As Patients

Patients with DS often have complex medical needs, including high rates of multiple chronic and
mental health conditions [39, 203]. Over 75% present with comorbidities across multiple organ
systems, requiring lifelong coordination among specialists and primary care providers [40, 263].
Common conditions include apraxia, attention disorders, autism, celiac disease, congenital heart
defects, diabetes, hearing and visual impairments, heart disease, leukemia, obesity, obstructive
sleep apnea, respiratory illness, and thyroid disease, as well as other neurodevelopmental and/or
neurological disorders [39, 40, 51]. People with DS have a 90% lifetime risk of early-onset
Alzheimer's or dementia, sometimes beginning in their 30s, compared to 12—-21% of TD adults
by age 65 [168, 182, 306]. With age, the risk of additional comorbidities rises [40].

As individuals with DS age, they may encounter unique age-related changes [281]. Brain
volume loss and increased risk of Alzheimer's can impact information integration and retention
[114]. The need for cognitive supports may therefore increase in middle-to-late adulthood. Many
people with DS have intellectual limitations that can worsen with age [48].

Managing overlapping conditions requires careful planning across specialties [40, 263].
This makes coordinated, individualized care indispensable to patients with DS. Accessible sys-
tems and services are therefore critical; without them, mismanagement and inequitable outcomes
are likely.

Yet coordinated, accessible healthcare is often the exception. People with IDDs, including
DS, face not only complex medical needs but also systemic biases, paternalism, and assumptions
that limit their participation in the management of their health. Consequently, they continue to

experience poorer quality care and worse outcomes than TD individuals [40, 263].
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These disparities are sustained by false assumptions. Health systems are frequently de-
signed on the premise that people with DS cannot live independently or manage aspects of their
health [275, 288]. They also assume lifelong caregiver availability, overlooking individuals with-
out reliable support systems [27] or those who prefer independence. Such assumptions rein-
force paternalistic practices: providers often defer to caregivers rather than engaging patients
directly [7,27]. Many physicians and even some parents do not view people with DS as credible
sources of health information [7, 216, 275], excluding them from decisions that directly affect
them.

The consequences extend beyond health outcomes. Inaccessible systems hinder adoles-
cents and adults from pursuing independence and self-management. Like their peers, they seek
greater responsibility as they approach adulthood, but paternalism and inaccessible systems dis-
rupt their ability to participate in shared decision-making and advocacy. These dynamics also
foster reliance on guardianship as the default path into adulthood, rooted in the belief that people
with DS cannot reliably participate in healthcare decisions. Older teens with DS are four times
more likely than peers with other disabilities to be discouraged from self-care [226]. Systemic
inequities in physician training exacerbate these challenges: nearly 95% of physicians report
little to no preparation for treating patients with DS, and 81% feel unquali ed to provide ade-
guate care [262]. Many adults also fall into care gaps when transitioning from pediatric to adult
providers [8,40]. These inequities, compounded by entrenched biases and attribution errors (i.e.,
de cit-framed assumptions about ability based solely on diagnosis), reinforce guardianship as
the “safest” path into adulthood—when in fact it perpetuates dependency.

Patients with DS may continue to be underestimated and their opinions undervalued by
people in positions with authority (e.g., medical professionals on their health management team),
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who might take what they report less seriously solely based on their diagnosis. For example, the
rst person with DS in the U.S. to receive an organ transplant did not occur until 1996, years
after the ADA was already in effect. Sandra, the organ transplant patient, was initially denied this
life-saving procedure solely on the basis of having an intellectual disability [102]. Because the
doctors simply assumed she lacked the ability to follow through with the post-surgery aftercare,
so they denied her the chance until the press—and an order from a judge—forced them to perform
the surgery.

If left unaddressed, inequitable user and health experiences may persist or they might even
increase with the number of new inaccessible digital tools that contain visualized health informa-
tion. Additionally, many people with DS will continue to lack the resources needed to reach their
goal of achieving greater levels of personal autonomy and independence. Considering this con-
text, graph reading is not merely a technical skill, but one that is context-speci ¢ and often carries
real-world, life-altering consequences when health information is inaccessible—particularly for
the estimated 7 to 8 million people with intellectual and developmental disabilities (IDDs) in the
U.S. alone ( 3% of the population) [5]. Yet within the eld of HCI, accessibility is still too often

reduced to a compliance checkbox, rather than seen as a critical component of the design process.

2.2.2 As Learners

With proper support, people with DS can exceed expectations—solving algebraic equations
[187], learning languages [233], or attending college [274]. They are logical thinkers and ca-
pable learners [93], though skill acquisition may occur at a slower pace (about two years behind

TD peers) [114,253]. When provided with appropriate, population-speci ¢ supports, they can
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exceed expectations across a variety of domains [92].

Supports and adaptations help, especially those that leverage high social skills and imi-
tation learning [93, 117, 311] or kinesthetic strengths [227,234]. Embodied and multi-sensory
experiences play to their kinesthetic and expressive abilities. Learning through imitation, like
peer modeling, utilizes their high social skills. People with DS are often perceived as having a
happy, friendly disposition [114]. While this sociability is a strength in learning, their tendency
to acquiesce can make them vulnerable to exploitation and abuse [291].

They tend to have better receptive language skills (understanding what others are say-
ing) than expressive language skills (verbalizing their own thoughts) [97]. They often pro-
cess visuospatial information more effectively than verbal information (i.e., holding speech-
based, acoustic information in working memory) [92, 134]. Cognitive supports should align
with their visuospatial and receptive language strengths [93]. Concrete and practical pictorial
support materials, signs, and gestures can support expressive communication and vocabulary at-
tainment [93, 227, 234]. Similarly, calculation tools can offset numeracy struggles and enable
more advanced mathematics [60, 187]. Strength-based support strategies—such as visual aids,
pictorial materials, signs, and gestures—can help people with DS navigate complex information
more independently [126].

While aligning learning approaches to the strengths of people with Down is critical, ad-
ditional cognitive demands that can interfere with skill acquisition also need to be properly
addressed as well. Faragher et al. found that attention, short-term, and working-memory dif-
culties may reduce the ability to concentrate, consolidate, retain, generalize, sequence, and
use abstract reasoning [92]. These differences can impact adaptability, task switching, engage-

ment, and multi-tasking [114]. Structure and routine can help mitigate distraction and impulsiv-
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ity [62,114,253]. Additional supports targeting attention span, memory (short-term and working),
sequencing, and synthesis are particularly valuable when individuals are learning new content
or must draw from multiple sources to make a decision [126]. When information processing
becomes too complex, working memory supports that compensate for storage capacity limita-
tions—such as visual aids or external reminders—become especially important [152,294]. Peo-
ple with DS can become frustrated when their ability to integrate, generalize, retain, order, and
use abstract reasoning is impacted by short-term and working-memory differences [92]. Once
content reaches long-term memory, forgetting rates resemble those of TD individuals [92]. Emo-
tional engagement further facilitates retention, likely due to limbic system activity and heightened
emotional states [318].

Early education interventions, parental support, and accessible tools like AAC devices for
communication are important. Other techniques like information scaffolding, which provide
structured, layered supports that gradually decrease as the student progresses, and “Easy Read,”
which combines image associations with simpli ed language, have helped students with DS to
learn in areas like cooking, nancial management, and online safety. Richer user experiences that
draw upon the strengths of learners with DS may further facilitate skill acquisition [92].

Unfortunately, educational opportunities remain unequal. In the US, only 17.9% of students
with intellectual disabilities are educated in mainstream classrooms most of the day; this drops to
15% for students with multiple disabilities [215]. While students with DS are taught mathematics
in school, they are often segregated from their TD peers. As a consequence, skills like interpreting

data visualizations may be well-developed in some students while entirely neglected in others.
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2.2.3 As Decision-Makers

Despite evidence of their capabilities, people with DS often face the misconception that they are
incapable of decision-making [86]. This stigma often arises from biases or misinterpretations
of physiological traits, such as open mouth posture, drooling, low muscle tone, and subsequent
dif culties in speech intelligibility [149]. These misconceptions lead many professionals to un-
derestimate their intelligence and capabilities. These limitations in participation are not rooted in
inherent incapability, but in the lack of access to scaffolds that accommodate their strengths and
support decision-making processes [126].

Despite bene ting from supports that aid decision-making, many people with DS remain
passive in their health management because they are not included in decision-making processes.
One systemic barrier is guardianship (or conservatorship), a legal practice in which decision-
making rights are transferred from the individual to a parent or guardian upon reaching adulthood
[259]. While guardianship may be appropriate for some, many families choose it without being
informed of less restrictive alternatives or may feel pressured to do so by professionals [132,137,
213].

Institutionalization of people with DS continued as a common practice up until the 1980's
[100]. As a result, many adolescents and adults with DS remain less active in their health care
management; those transitioning to adulthood are four times more likely to be discouraged from
practicing self-care compared to peers with other disabilities [206]. This exclusion from health-
related autonomy re ects systemic biases and low expectations—not limitations in ability.

Supported decision-making (SDM) has emerged as a more inclusive alternative. Recog-

nized by international organizations [197, 279], over 100 governments [195, 213], and advocacy
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groups such as AAIDD [2] and DS International [130], SDM emphasizes autonomy and partic-
ipation. Unlike guardianship (full substitution) or shared decision-making (independent choice
based on options framed by professionals), SDM is an interdependent process in which trusted
supporters “help them understand the situations and choices they face so they may make their
own informed decisions” [30].

Frameworks [78,258] and legal agreements [6] already exist to formalize SDM. These may
cover supports such as medication reminders, food and lifestyle choices, routine health decisions,
or emergency medical care. Agreements often include statements such as: “My supporters are
not allowed to make choices for me. | will make my own choices, with support. | am called the
decider” [6]. However, current frameworks rarely specify how support should occur across dis-
tributed, digitally mediated health systems. No studies have yet to examine how SDM functions
in such contexts. This dissertation aims to begin addressing that gap by exploring how accessible
technologies can bridge digitally mediated decision-making and increase independence.

Researchers have found that accessible cognitive supports in information and communi-
cation technologies promote autonomy and self-determined living [189, 270, 298]. Features like
video prompts enhance safety, independence, and self-con dence [270]. However, few digital
decision-making support apps combine education with behavioral tracking. For example, health
apps [e.g., [156, 303]] help users with DS make informed health decisions. While studies show
that people with DS can use technology to enhance their skills, research on technology use and
SDM is limited. Findings suggest that population-speci c, strengths-based cognitive accessi-
bility features are bene cial, but effective design and integration of supports for digital safety
and autonomy in decision-making remain unclear. This study addresses Chadwick and Buell's

call-to-action: “Family and care partners need additional guidance on how to develop digital com-
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petence, con dence and resilience ... [and] combined with support to increase self-awareness
regarding digital risk [of people with intellectual and developmental disabilities (IDDs)]” [54].
This work is the rst to examine this intersection and gather initial feature requirements that

centers the personal autonomy of people with DS during SDM.

2.3 Digital Skills and Access Barriers

Research shows that people with DS have varying digital abilities across age groups. Children
with DS often struggle with computer use due to reading, writing, and communication barriers
[97]. Challenges include dif culty searching for speci ¢ content, managing multiple windows,
and recalling passwords. Older youths with DS may experience increased frustration due to
smaller hands when using mice and keyboards, as well as stress from digital barriers like time
constraints and information overload, which can be heightened by attention differences [155].
However, as they age, many people with DS improve their skills in word processing, data entry,
communication, and entertainment, facing fewer barriers [96]. Despite these advances, many
technologies remain inaccessible, highlighting the need to update information in the evolving

digital landscape [96, 97, 155].

Access to Health Information and Inclusive Design

Positive patient outcomes are directly and predicatively linked to an individual's awareness,
knowledge, and skill level across multiple, requisite literacies. Without these, people will strug-
gle to successfully navigate and manage ones medical care within the U.S. health system. Un-

fortunately, many who have inadequate health skills and knowledge (e.qg., digital literacy, healthy
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literacy, health literacy) experience poorer health outcomes [199], including poor management
of chronic conditions, an increased number of hospitalizations (including emergency room vis-
its), and higher healthcare costs overall [25, 26, 210, 254, 282]. People with DS, like others with
intellectual and developmental disabilities, already experience inequities in healthcare quality
compared to their TD peers [10].

As health management becomes increasingly data-driven—spanning clinical systems, con-
sumer technologies, and personal devices—the accessibility of HDVs has become critical to eg-
uitable patient care. When health information is presented in inaccessible ways, HDVs risk deep-
ening existing disparities by limiting individuals' ability to interpret, understand, and act upon

their health information [83,115,139,179, 257, 286].

Barriers to Accessible HDVs: Previous work by [158, 218] has found that viewers with lim-

ited prior knowledge or lower graphicacy skills can particularly struggle to make sense of them.
This uncertainty impacts comprehension, as the combination of visual de-sign elements and the
human tendency toward the use of heuristics to of oad cognitive effort often results in misin-
terpretation [218]. As technology can magnify disparities and inequitable healthcare experi-
ences [286], inaccessible visualizations and presentations of health information can introduce
additional, avoidable barriers to people with DS.

Although researchers have investigated making data visualizations more accessible for peo-
ple who have motor impairments, color vision de ciencies, or are blind or have low vision
(e.g., [88, 140, 179]), research efforts have not been evenly distributed across populations with
other disabilities. Wu et al. began the vital work of investigating data visualization accessibility

with people who have IDDs [313]. However, their ndings were generalized across multiple,
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highly heterogeneous IDD populations—each with potentially very different abilities, strengths,
and accessibility requirements both between and within one other.

As previously stated, there has yet to be a study investigating the underlying data visu-
alization reading skills of individuals with DS or the nuances surrounding accessible health in-
formation visualization. Most research within the educational literature corpus that investigates
the mathematical skills of people with DS tends to orient around developing their numeracy and
other functional skills, such as telling time or using money [36]. One study did explore aspects
of numerical knowledge and skills within a health-related context: food management [156]. An-
other found that people with DS had similar area comparison abilities to their TD peers when
evaluating the size difference between two visualizations of quantities [3]. This study intends
to complement existing research efforts [313] by investigating the underlying data visualization

skills and abilities of people with DS within the more speci ¢ health context.

Inclusive Technology Design Practices Existing literature related to the development of sys-
tems and devices for people with DS often describes how they are developed on their behalf
rather than directly involving them in research. Projects like Junk Food Destroyer consulted the
literature rather than people with DS [122]. Most studies use observations of people with DS
supplemented with “ eld notes, questionnaires, surveys, [and] semi-structured interviews from
primary stakeholders (parents, caregivers, teachers, experts)” to Il in the gaps [253]. This was
the case in Mohammedi and Augusto's health app [186], which used a user-centered intelligent
environments development process and DS-speci ¢ heuristics to create personas, followed by
interviews with various people with DS, parents, and administrators, which they used to create a

prototype for people with DS.
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In contrast, in a different nutritional app, people with DS took part in co-design work-
shops [156]. While participants did not physically design the prototype, they took part in activ-
ities that directly informed those designs. The Web Central Fun project used a “very inclusive
celebratory approach” during usability testing [142]. That project included recommendations
for future systems, such as: begin with fun activities to establish a pattern of success or “avoid

conditional phrasing.”

Methodological Gaps in Research and Design: One reason for the lack of DS-centered design
may be a lack of literature detailing how to adapt technology design activities speci cally for
people with DS. In fact, only one set of guidelines exists: the Inclusive Design for DS (ID4DS)
Methodology [172]. While broader accessibility guidelines do exist, such as the Cognitive and
Learning Disabilities Accessibility Task Force (COGA TF) [63], they cover several populations
that are highly heterogeneous in terms of cognitive, intellectual, developmental, learning, and
language disabilities. While some suggestions may be helpful, others are less applicable to the
DS population.

Population-speci ¢ recommendations tend to be piecemeal, such as re-working the impli-
cations of technology design improvements for better content presentation (e.g., [142]) or only
apply to speci c methods (e.qg., surveys by Liljenquist et al. [164]). Unfortunately, none of these
studies provided suf cient methodological detail or concrete examples for researchers trying to
make the speci ¢ technology design activities or study documents accessible to people with DS.

This study intends to complement existing research efforts [313] by investigating the under-
lying data visualization skills and abilities particular to people with DS within the more speci c

health context. It addresses a signi cant gap in both health equity and accessible interaction
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design by centering the experiences of people with DS in the development of tools that aim to

support their autonomy, understanding, and engagement in their own health.

2.3.1 Research Gaps in Accessible Design for People with DS

Usability and accessibility barriers are well-documented obstacles to the adoption and sustained
use of digital health technologies, particularly among populations already facing healthcare in-
equities, such as individuals with intellectual and developmental disabilities. Yet signi cant lim-
itations exist in the current literature for people with DS, in particular. This is in part because
the intersection between cognitive and intellectual disabilities and digital accessibility has only
recently emerged as a research topic (i.e., after the start of theeRtury). As recently as 2021,

Mack et al. found that digital accessibility research involving people with intellectual and de-
velopmental disabilities, such as DS, was almost entirely “unserved,” making up only 2.8% of
accessibility research presented at leading technology conferences, CHI and ASSETS, from 1994
to 2019 [173].

In addition to being severely understudied, Mack et al. also noted the overwhelming ten-
dency for researchers to conduct studies through proxies rather than by directly collecting data
from participants [173]. Proxies are individuals—usually parents, guardians, care partners, or
another trusted TD person—who interpret a person with DS's behavior and report those observa-
tions during data collection. This frequent tactic (i.e., privileging indirect, second-hand data over
the primary source—the person with DS) re ects an ableist approach to data collection that un-
dermines foundational principles in user-centered technology research, design, and development.

In this dissertation, such approaches are of particular concern because they reproduce epistemic
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injustice by marginalizing the very people whose lived experience is most relevant to accessibility
research.

Data visualization accessibility research involving people with IDDs is even more limited.
Starting in 2019, the only body of sustained work in this space was conducted by Dr. Wu and col-
leagues [312—-315]. Despite this emerging foundation, the umbrella of IDDs represents a highly
heterogeneous group—both between and within individual populations. The studies described
in this dissertation aim to complement and extend what is known about cognitive accessibility in
data visualization. This dissertation differentiates itself by focusing on a speci c topic (i.e., health
information visualization) and a single IDD population (i.e., older teens and adults with DS). At
the same time, it contributes to a larger accessibility agenda: supporting equitable access to digi-
tal systems and services that foster personal autonomy, independence, and self-determination for
people with IDDs.

Despite the many accessibility issues, literature gaps, and ableist data collection practices
identi ed, HDVs still hold meaningful promise for people with DS. Their visual format aligns
with the visuospatial strengths often observed among people with DS and offers a pathway to
more engaging, intuitive interactions with health information [89, 92]. Realizing this potential,
however, requires moving beyond super cial design adjustments to address deeper accessibility
barriers that prevent many individuals from fully engaging with their health data [19]. Without
such changes, digital health technologies risk amplifying existing inequalities rather than im-
proving quality of life. Determining how to make key design and interaction features in HDVs
more engaging, usable, and accessible could bene t people with DS and, in turn, help reduce the

inequitable digital and healthcare experiences they too often encounter.
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2.3.1.1 Previous Work: Co-design Studies Involving People with DS

Most patrticipatory, inclusive, or co-design approaches have been developed for the broader um-
brella of IDDs (e.g., [23, 28, 64, 136, 243, 244, 265, 267, 268, 284]). Yet, there remains a very
limited corpus describing population-speci ¢ methods for engaging people with DS as designers
within technology workshops. Unfortunately, even the two most frequently cited population-
speci c frameworks share similar limitations in the degree of power and authorship they permit
co-designers with DS to hold.

The rst is the Inclusive Design for DS (IDADS) Methodology [172]. For example, in
ID4DS, participation by individuals with DS was “desired but not mandatory” until after an early
prototype had already been created by TD individuals (e.g., parents, therapists, developers, re-
searchers) [172]. When participants with DS were eventually invited, they provided “explicit or
implicit” feedback on these predeveloped prototypes. The authors further suggested that input
from therapists should be weighted more heavily than the feedback and observations of the indi-
viduals with DS themselves. Although those individuals did participate in a subsequent usability
study, the interpretations and design decisions made by TD observers ultimately determined the
prototype's nal form.

The second population-speci c article, focused on design workshops with children, took a
similar stance. Barendregt et al. characterized their study through the question “who participates
with whom in what” [21]. While insightful, the article primarily examined the power dynamics
between researchers and TD adults involved in the workshops. This focus appears counterin-
tuitive to the foundational participatory design principle of empowering participants—especially

those with disabilities—by facilitating the creation of relevant and meaningful designs that re ect
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their lived experience.

The authors did, however, acknowledge an important tension: “While a designer who en-
ters the world of children, especially in a school context, will automatically have a certain level
of legitimate authority from just being an adult, this form of authority may be associated with
other more negative forms of authority, such as coercive authority. Designers may therefore need
to work consciously to avoid those forms of authority in order to create more equal levels of part-
nership.” Even with this caveat, they did not explore how such power dynamics might in uence
participants' sense of agency or affect their capacity to design.

In short, even the limited population-speci ¢ methodological guidance that exists contin-
ues to constrain the level of involvement and power granted to people with DS during health
technology design and development. This dissertation seeks to help |l that gap by identifying,
documenting, and modeling ways to share power more equitably in co-design processes—an
approach that re ects both ethical responsibility and methodological necessity in inclusive tech-

nology research.

2.4 Health Data Visualizations' Underlying Literacies and Skills

Health data may be inaccessible to people with DS for many reasons. One reason they may
be inaccessible is because reading HDVs requires an intersection of various literacies and skills
necessary to understand them. This section discusses crucial literacies that directly impact HDV:

print literacy, numeracy, data literacy, graphicacy, and health literacy (see g. 2.1).
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Print Literacy

One foundational skill often used in HDVs is the ability to read. Reading involves constructing
understanding of a shared meaning between a writing system (i.e., print) and its corresponding
verbal or gestural language. Eighty-six percent of the world is reported to know how to read
and write [280]. However, between 4.9% to 27.7% (mean: 15.5%) of the 86% of literate adults
(16-65 years old) have been found to have poor reading pro ciency [75]. The total number of
adults with poor reading pro ciency may be higher, as individuals with “language dif culties, or
learning or mental disabilities” were excluded from this research effort [75].

Print literacy consists of multiple, complex language skills that underpin a person’s reading
abilities [196]. These underpinning skills and abilities include: phonology (i.e., speech sounds),
orthography (i.e., spelling patterns), semantics (i.e., connecting symbols of written language to
their meaning), and morphology (i.e., patterns found within word formation and language syn-
tax). Additional discrete decoding skills [196] are necessary to move individuals from respond-
ing to visual and auditory stimuli in a written or spoken language towards competency (i.e.,

accurately and effectively constructing both meaning and understanding):

1. Phonemic Awareness (i.e., the ability to recognize and use the individual sounds in spoken

words)

Figure 2.1: Intersection of ve literacies necessary for reading and understanding HDVs
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2. Phonics (i.e., the ability to match sounds to their corresponding letters or groups of letters)

3. Fluency (i.e., the ability to read accurately and quickly)

4. Vocabulary (i.e., the number of known words used in a particular language)

5. Comprehension (i.e., when reading words results in understanding)

An individual's dif culty or ease in growing their print literacy skills is tied to adequate
instruction, regular practice, and their unique body. For example, an individual's hearing is used
during phonics activities in verbal languages; their vision can recognize orthographic elements,
letters, letter groups, words, and phrases; and suf cient working memory is required to connect
semantic meanings, recall vocabulary, comprehend content, and construct understanding of what
has just been read [196]. However, vision, hearing, and working memory can be affected by
developmental differences among individuals with DS [41]. As a result, reading abilities vary
across individuals.

Despite an increased potential for print literacy impairments, researchers have found that
decoding words (i.e., guring out a new word by sounding it out) and single-word reading are
relative strengths for people with DS [41, 193]. However, they often struggle with phonological
awareness [169]. Reading interventions that simultaneously develop speech and phonological
abilities while also growing vocabulary and grammar skills have been shown to improve their
abilities [129, 193]. Multi-modal interactions that reinforce sound-word mental connections may
also be bene cial in digital HDVs. Given the unfamiliarity of many medical terms used in health
systems and data visualizations, the incorporation of adequate vocabulary supports are incorpo-

rated could further facilitate the reading abilities of individuals with DS.
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Numeracy

Numeracy is someone's ability to use, reason with, and understand math in their daily lives [207].
Roughly one-third of English-speaking Americans ( 62.7 million) have low numeracy skills
[177]. Numeracy skills include arithmetic and mathematical skills, such as counting, understand-
ing number lines, numerical concepts (e.g., whole numbers, percentages), number sense (i.e., the
cognitive exibility to take numbers apart and put them back together), performing calculations
(i.e., addition, subtraction, multiplication, and division), operation sense, measurement concepts
and protocols, estimation, proportions, and more [104]. As such, numeracy is also essential to
understanding data visualizations [207]. Health numeracy is "the degree to which individuals
have the capacity to access, process, interpret, communicate, and act on numerical, quantitative,
graphical, biostatistical, and probabilistic health information needed to make effective health de-
cisions” [111]. Suf cient health numeracy skills are critical to understanding risk, probability,
and scienti ¢ evidence (e.g., medical information) [247].

As data visualizations are often intended to support human comprehension, pattern nd-
ing, and inference-making of numerical information, an individual who struggles with health
numeracy and graphicacy may encounter unnecessary barriers to their ability to make effective,
informed decisions [42, 277]. Unfortunately, people with poor numeracy skills are also more
likely to have poorer graphicacy skills [105]. Similarly, people who struggle with numeracy
skills, such as those with DS, may also experience dif culty with abstract reasoning and other

essential skills [80,91, 162, 187] that can impact their data visualization literacy skills.
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Data Literacy

Data literacy is the newest type of essential 2entury skill necessary for full participation in

an increasingly data-driven society [68]. Yet despite being a critical skill, there is no widely
accepted de nition for data literacy [307]. Some de nitions broadly describe data literacy in
terms of using and understanding data (e.qg., [76,108, 146, 228,232, 235, 238]) while others see it
as an inquiry process where hypotheses are formed or questions are generated about the data to
either solve a problem or support decision-making (e.g., [81,116,175,212, 308]).

Data usage can include multiple sub-processes relating to reading and manipulating data,
such as connecting, comparing, distinguishing between data, transforming data into information,
analyzing, data processing, and communicating conclusions [147, 153,171,175, 228, 237, 248,
261, 305, 315]. Print literacy, numeracy, and other statistical knowledge are requisite underlying
skills to be data literate [16, 68,113, 315].

Critical thinking skills are also used throughout the process to support an individual's anal-
ysis, inference-making, and ability to synthesize the data to reach a conclusion or to explore
potential solutions [146, 236]. However, some critical analysis skills fall outside of this study's
scope of investigation, such as the critical evaluation of data accuracy via viewer assessment
of the methodologies used to collect the data and potential biases of the individual's personal
interpretation [68,131, 237].

Data literacy is often described as an ability [116,171,175, 212,228,232, 261, 283, 305].
As several scholars note that an essential skill of a data literate person is their ability to read data
visualizations [16,43,58,171, 212, 261], ability-oriented de nitions suggest that when someone

is hindered, such as by inaccessible data presentations, an individual's potential to leverage their
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personal data is limited.

Graphicacy

Roughly 29% of Americans have poor data visualization literacy (i.e., graphicacy) [211]. Graph-
icacy skills can help viewers understand data visualizations. Graphicacy involves three stages
of activities that work towards completing speci ¢ goals. The earliest, foundational phase has
the goal of reading the visually represented data; the second phase's goal builds up the initial in-
formation by connecting and mapping the information together within the visualization; and the
third phase uses the information from the earlier phases to support the viewer's ability to extract
meaning and make inferences about the content presented with information outside of the visual-
izations [47,159]. Curcio broadly described these phases as: reading the data, reading between
the data, and reading beyond the data [69].

The rst stage—reading the health data—involves various sense-making processes (i.e., tak-
ing in and interpreting visual information) to identify the various component parts that make up
the visualization as a whole. These sense-making sub-activities are necessary to reach the rst
stage goal of reading the health data. Examples of sense-making activities include the viewer
identifying the elements that make up the HDV's anatomy (e.g., title, X- & Y axes, labels, val-
ues, numbers, special characters, symbols), the value encoded elements (e.g., shape, size, posi-
tion), and the type of data visualization, which can in uence how the viewer might approach the
graph reading task. This initial visual encoding of information helps people to determine what is
salient—and, thus, worth their attention and cognitive efforts to process [204].

The second stage—reading between the health data—involves comparing and connecting
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information to identify patterns, differences, and outliers. During this stage, people use various
information foraging sub-activities [222] and other sense-making processes [47] to reach this
phase's goal of understanding connections among the graphical information and the meanings of
these connections.

This stage involves an iterative process of searching through the data, visually encoding
it, and then mapping the information presented to the viewer's internal mental model of the vi-
sualization [170]. Reading between the data tasks can include things like identifying extremes,
nding exact values, anomalies, or clusters, making estimates, noting ranges of values, connect-
ing graph elements or other information to the data (e.g., relating the x- & y-axis information
to the graph values, connecting meaning to stylistic elements, like color), and comparing any
differences in the data that may occur over time (i.e., noticing trends and recurring behaviors).

In the nal stage, viewers draw more heavily upon information held in their long-term
memory (e.g., health knowledge and other related literacies or skills) to inform their understand-
ing, perform inference-making, and update their mental model as they engage with the data visu-
alization [252]. During this stage, the information is especially in uenced by any domain-speci ¢
knowledge they possess. This is used to extract the information in an informed way to read be-
yond the data. It is during this stage that individuals leverage the information in the visualization
to re ect upon their health behaviors and gain potential insights for where improvements to their
health could be made. All three stages, but especially the nal stage, are driven by knowledge.
It is also important to note that these stages of reading a data visualization are not necessarily
a linear process. Rather viewers may move back and forth between stages as they re ne and
update their mental model as they take in more information and make new connections using

information from both within the visualization and with information outside of it.
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Health Literacy

Health literacy involves multiple processes related to nding relevant information, understanding
the information that is being accessed, and critically evaluating health information (i.e., interpret-
ing, ltering, and judging the information) to make informed healthcare decisions and communi-
cate those decisions with those involved in the management of one's health [25,52, 266]. Health
literacy skills require print literacy, numeracy, and oral literacy when the information is shared
with others (i.e., members of the medical care team and trusted adults involved in the shared or
supported-decision making process).

Data visualization literacy-based skills within the medical context also requires health lit-
eracy knowledge and skills to inform the viewer how to read, interpret, and engage with the
graphs or charts. People must use various information-seeking skills, understand new health
information, and synthesize it while interpreting their health data, as described by information
foraging theory [109, 222, 287]. A viewer's ability to search, interpret, and make sense of any
health information they nd is hindered if they lack the requisite health literacy skills and domain
knowledge [287, 300].

Nutbeam identi ed three levels of health literacy: functional (i.e., ability to understand
basic health information within the healthcare context), interactive (i.e., ability to engage, ask
guestions, apply new information to changing circumstances, and incorporate that knowledge
into shared decision-making with healthcare professionals and/or family), and critical health lit-
eracy (i.e., ability to critically analyze health information, make an informed decision that aligns
with personal preferences and needs, and know when to get a second opinion) [208]. Unfortu-

nately, many people have poor health literacy [9, 80, 246]. More than one-third of Americans
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have insuf cient health literacy skills; only 12% are pro cient enough to effectively use health

information [282].

Mental Models

The previously described ve literacies are involved in various HDV reading activities when a
viewer is constructing and updating their mental model about an HDV. A mental model is the
internal representation of an external system [204] that people use to gure out how something
works, plan their next actions (i.e., interaction, input), and imagine the expected results from their
interaction (i.e., output) [204]. Mental models are also drawn upon as their understanding and
interaction with a visualization deepens, such as when the viewer encodes both individual graph
elements and the relationships between elements (i.e., when the begin to make inferences about
an HDV ) [204].

Mental models are constructed over time from the result of an interplay occurring between
an external system (e.g., a digital HDV) and the viewer's interpretation of the visually represented
information [167]. Mental models for information visualizations are constructed, developed, and
re ned over time. In Liu and Stasko's information visualization mental model, the viewer begins
by taking in the information visualization in the external system [167]. They then internalize that
information in their brain and process it. When viewers of an HDV draw upon their literacy-based
knowledge and skills, they employ top-down information processing.

Next, they use that initially processed information and view the visualization, taking in
more information that has been interpreted and reasoned through the use of their initial frame for

the HDV. As more information from the external environment is taken in, the individual augments
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their initial mental model to include any new observation or information. The interplay between
external system and individual interpretation continues to update and re ne their mental model
until the viewer feels they have an understanding of what was being represented.

While Liu and Stasko present a robust top-down information processing approach for most
mental mental model use cases in information visualizations, they do overlook novice users in-
teracting with unfamiliar visualizations. When this occurs, a user's mental model for the data
visualization can ” ounder” [158]. However when those necessary skills are underdeveloped for
whatever reason (e.g., inadequate education, dif culty recalling steps, unfamiliarity with a type of
graph, insuf cient opportunities to regularly use a skill that causes pro ciency to degrade), they
are unable to construct a useful mental model of the visualized information. Inaccurate mental
models can lead to confusion and frustration stemming from their inability to effectively use the
visualization [158].

Given the potentially varying underlying literacy-related skills and background knowledge
that people with DS may have, mental models of an HDV constructed by them may involve both
bottom-up and top-down information processing. Bottom-up information processing occurs as
a viewer takes in the initial visualized information and characteristics of the visual environment
[252]. Top-down processing occurs when viewers draw upon the various literacy-based skills and
background knowledge to make sense of the visualization [252]. The interaction between these
two processes help them to re ne their mental model and construct their understanding of the

health data.
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2.5 Author Positionality & Re exivity

| am a cis white, mostly able-bodied, neurodivergent female researcher. | grew up in the Southern
U.S. from a middle-class family. | spent nearly a decade as a UX practitioner before returning to
academia. Frustrated by the repeated dismissal of accessibility as an “edge case,” | returned to
academia to pursue research where accessibility is central rather than peripheral.

My advocacy stance emphasizes participant empowerment and independence as much as
my participants prefer, while still acknowledging that interdependent relationships are as equally
valuable. Despite not having a personal connection with the DS community, | spent the last four
years volunteering with various local, state, and national DS organizations to give back to the
community that will be supporting my research. Maintaining engagement through service also
has helped to ensure that my research aligns with the priorities of the DS community. Informed
by this background, | approach accessibility not as compliance, but as an asset-based design
principle grounded in the social model of disability [18], which views disability as not originating
within the individual but as a by-product of exclusionary systems, be it physical or digital, and
ableist assumptions. As a result, my analysis is viewed through a critical lens that interrogates
how society, technology, and other systems and practices create barriers for people with DS in
their daily lives.

To mitigate my own biases as a result of my background, | deliberately embedded re-
exivity into each stage of the research. Study materials were co-developed and re ned with a
self-advocate to ensure accessibility assumptions were surfaced and corrected, and subject-matter
experts provided guidance without overriding the authority of participant voices. My positional-

ity has made me into a careful, critical observer: | attend closely to the intersection of individual
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behaviors, relationships, technology, and what matters most to participants. This attention to
detail allows me to quickly identify behaviors that merit probing questions or follow up clari -
cations as they occur. | therefore treat ndings as situated knowledge, shaped collaboratively by
participants, myself, and the surrounding intersections between us and as we engage in technol-

ogy research, design, and development activities together.
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Chapter 3: The Preparation Stage: Creating Inclusive Materials and Meth-
ods for Co-designing Health Information Technologies with People

Who Have Down Syndrome

3.1 Introduction

People with intellectual and developmental disabilities (IDDs), such as Down Syndrome (DS),
experience greater health disparities than their typically developing peers [10]. As technology
has the power not only to mirror social inequalities, but also to magnify them [286], these dispar-
ities may be further exacerbated in patient-facing electronic medical record systems and personal
health trackers because of the inaccessible way personal health data and information is presented
to people with Down Syndrome.

Health technologies with poor usability and accessibility are often cited as barriers to the
adoption of eHealth systems for people with intellectual and developmental disabilities [10,249].
These barriers may impede them from actively participating in decision-making and advocat-
ing for themselves. Historically, technology design and development has not included people
with cognitive disabilities, such as IDDs and Down Syndrome, to the same degree as those with
perceptual or motor disabilities [154]. One reason that people with Down Syndrome or other

intellectual and developmental disabilities may be included less frequently in health technology
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development processes is the lack of clear guidance on how to make research activities accessible
to them from the outset.

This paper reports on an ongoing, multi-phase study: the Health Data Storytelling Re-
search project. The Health Data Storytelling study has two goals: 1) to investigate how to make
technology design activities more inclusive for people with Down Syndrome and 2) to co-create
accessible presentations of health information in patient-facing health platforms to better support
people with Down Syndrome as they manage their health. It describes the initial steps we have
taken during the rst of four phases of research, design, and development. In addition to our co-
author (A.F.K.), eight main study participants with Down Syndrome used the materials described
on which these observations were based. Below we discuss how we have involved representa-
tive people during the research study design process and made participant-facing materials more

accessible for people with Down Syndrome by leveraging their strengths.

3.2 Methods

The Health Data Storytelling research study follows a technology development lifecycle spread
across four phases (i.e., semi-structured interviews, large-scale survey, co-design workshops,
usability study with eye-tracking). To ensure our research study was accessible to our participants
from the beginning, we took a two-prong approach. Prior to its design we conducted informal
interviews with three subject matter experts: a medical doctor who runs a Down Syndrome-
focused clinic, an occupational therapist who uses AAC board imagery to create health stories as
a communication tool with patients [101], and a professor whose work focuses on mathematics

education of people with Down Syndrome. The interview results re ned the research scope to be
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more relevant to the population and informed the initial accessible document recommendations.

The second prong involved a self-advocate with Down Syndrome in consulting with us
and helping us to make our study materials and processes more accessible. He reviewed all
participant-facing documents and made suggestions for accessibility improvements and question
wording. He also tested all study activities that future study partners with Down Syndrome would
also do, to likewise improve the accessibility of research activities. Finally, he provided feedback
on how methodological procedures could better align with the strengths of people with Down
Syndrome. Following his recommendations and those of the three subject matter experts, the
initial research study application was revised, submitted, and later approved by the university's
Institutional Review Board.

We used the two-prong approach to progressively develop our accessible content. By taking
this approach, the rst draft of research materials and procedures was informed not only by the
existing (albeit limited) literature of best practices, but also be the practical experience of subject
matter experts, who work with people with Down Syndrome on a daily basis. This helped to
make the rst draft of the content and processes somewhat accessible and inclusive before going
through the iterative revisions with our lived-experience expert. This appeared to be a practical
and ef cient way of quickly developing more accessible and inclusive research materials.

We converted most participant-facing content into full-screen presentations (Fig. 3.1). For
each page or slide, we used simple, plain language to support varying reading abilities. Content
was written to build gradually and grouped into logical sections. We read the presented content
aloud to support reading comprehension.

We used images to support understanding of what was being said aloud by the research

team member. Each segment or slide also included at least one support image per sentence. Past

68



Figure 3.1: Scaffolding Screening Content

Two consecutive slides visible to potential participants during screening procedures. Left: An
adult man is wearing an tie and talking on a mobile phone. The text beside him reads "This
is a Screening Call.” Right: An illustration of two people pushing two puzzle pieces together.
The text beside reads "A screening call is a conversation to see if you are a good match for our
research study.”

work found that people with Down Syndrome have similarly mature stylistic design tastes to their
typically developing peers [97]. Because of this, and given the age of our participants (i.e., 16 +
years old), we avoided immature imagery. While images needed to be clear enough to support
the text, we wanted to avoid any feelings of infantilization by image choice. We used a mixture
of photographs and illustrations selected from free to use, royalty-free media repositories (e.g.,
Pexels, Vecteezy).

Assessing and Obtaining Consent and Assent: Determining someone's ability to provide con-
sent occurred while we went through the consent procedures document, but typically prior to a
parent (or guardian, if they had one) signing permission to consent on their behalf. The only time
assessment of capacity did not occur was when the parent or guardian stated that the individual
did not have capacity to consent. Consent and assent documents used simple sentences (i.e.,
344" grade reading level) with support images. All consent and assent documents included the
required informed consent information. To our university's IRB, we discussed how minimal con-

tent presentation and communication was a matter of providing equitable and accessible content
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according to the strengths of our population. This gave us exibility to use reduced wording.

After we had explained each section, we asked section-speci ¢ questions to assess capacity
to consent. To demonstrate capacity, participant responses to the questions needed to satisfy four
conditions: 1) clearly and consistently state it was their choice to participate, 2) demonstrate
understanding 3) show reasoning or rational reasons, 4) appreciate the risks and bene ts from
being in the study. If they demonstrated capacity, then the parent (or guardian, if they had one)
did not need to Il out a consent form as is best practice with other populations who likewise
have conditions that affect their cognition [14].

As people with Down Syndrome can have dif culty expressing themselves, our consulting
self-advocate also suggested that after each section, we asked the individual if the researcher had
described the section's content in a way that made sense to them and if they had any questions
about what was discussed. This would provide the researcher with an opportunity to re-phrase
content or watch for any physical or verbal indicators that the individual with Down Syndrome
had questions, or was confused or concerned about something.

Questions were broken up and made relevant to the speci ¢ consent section (e.g., pro-
cedures, risks, bene ts, compensation). As people with Down Syndrome have less short-term
and working memory than their typically developing peers [17], capacity-related questions were
asked immediately after we went over the section rather than at the end of the document. For
example, after the project description section, we asked: “How would you describe this study
to a friend?” Questions were also broken up in this way to minimize the need to recall content
from several sections prior. When recall was required, we summarized content from previous
sections, such as weighing the risks and bene ts of a study to make a considered decision about
participation.
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Data Analysis: We re ected upon unrecorded study activities (i.e., screening and consent) and
an interview with a participant who chose not to be recorded. Next, we reviewed and analyzed
interview videos across several sessions from the remaining seven participants who consented to
being recorded. Research team members then re ected upon how procedures and materials could

be improved and identi ed themes through group discussion until consensus was met.

3.3 Results

This section describes what we have learned so far in order to create more accessible design
research methods and participant-facing documents (i.e., study interest sign-up form, screening
protocols, consent forms, demographic survey, interview questions). Below, we describe eight
ways to make participant-facing materials and methods more accessible to people with Down

Syndrome during research activities.

Methods: Assess and Obtain Consent or Assent Grouping section content and asking assess-
ment questions immediately after each section was a successful strategy. Scaffolding ca-
pacity to consent questions allowed them to build upon their previous responses through
gradual re ection of the information as it was presented to them. This format appeared to

minimize the reliance upon recall across sections.

Methods: Con rm that Researcher Is Communicating Well After each section, inquire “Did

| explain that clearly?” If something was not clear, rephrase content.

Methods: Encourage Self-advocacy After the rsttime a participant advocated for themselves

in some way (e.g., asked for a break, or to skip a question), we encouraged self-advocacy
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by saying things like, “I really like how you advocated for yourself just then. That's exactly
what we want you to do whenever you are feeling X.” By verbally praising and connect-
ing a participant's boundary setting behavior with self-advocacy, researchers can foster an
environment which empowers participants to be critical of study processes, or of questions
being asked. It may even stimulate greater levels of candor during interviews, as we saw in
our study. In this way, encouraging self-advocacy can also increase participant expressive-

ness, which this population can struggle with [97].

Methods: Adapt Interview Wording for Relevance and Speci city Re-word responses or ques-
tions by clearly linking follow up questions and answers to what the individual said. For
example, instead of using the generic term “a tablet,” reword the question to mirror their

speci c response or experience: “your iPad Pro.”

Content: Keep Answer Options Minimal, Clear, and Speci ¢ Use large answer buttons so shy
or less verbal individuals can point to a response. Minimize the number of response options
to 3—4 options. Use a large font as most of our participants wore glasses. This also sup-
ported the practice observed during in-person interview sessions, when some participants

would use their nger as a guide as they read question aloud to help their comprehension.

Content: Scaffold Question Complexity Begin a group of related questions with a simple ques-
tion that required a yes or no response. This can encourage the participant to open up as

they begin to recall and progressively re ect upon the topic.

Presentation: Use Images to Support Comprehension and Expression Using images did sup-

port understanding with our participants. Use simple, clear language (€-gi" grade
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reading level) with age-appropriate images that connect the ideas. Including images in
both the question and the answer seemed to support recall via recognition as well as the

participant's expressive language abilities.

Presentation: Select Images with Care Using either photographs or illustrations is ne as long
as the image is a clear, literal match. Avoid abstract conceptual links or visual metaphors
whenever possible. Instead, imagery should be concrete and obviously support the written
language. If possible, have alternative images you can select based on participant's previ-
ous response (i.e., dynamically inserting relevant imagery, such as switching out a generic

tablet illustration to an iPad Pro).

3.4 Discussion

Assessing and obtaining consent can be a challenge when conducting research involving people
with Down Syndrome, because consent documents and procedures may not be accessible [253].
In addition to potentially being exclusionary, the inaccessibility of consent materials and proto-
cols may not meet people with Down Syndromes' actual capacity to consent. Furthermore, it
may perpetuate an inaccurate perception within the research community that obtaining consent
and demonstrating capacity to consent may be beyond the capabilities of this population.

When rst reviewing our study materials and procedures, our consulting self-advocate ex-
pressed concerns with the consent process being overly detailed and long. They said it may be
too much information for people who might have very different attention, reading, and language
skills. They recommended minimizing the information as much as possible. Future work should

investigate how to reduce informed consent content further.
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Re-framing con rmation questions during consent (e.g., “Did | explain that section in a way

that makes sense?”), as suggested by A.F.K., had several bene ts. First, it framed any misun-
derstanding as a limitation of researcher communication rather than placing the onus of compre-
hension upon the participant. Second, it let us gauge our participant's unique receptive language
abilities more effectively. This interjection provided an opportunity for parents, guardians, or
aides to clarify points in the section that may have been confusing. This, in turn, allowed us to
then rephrase future content to better align with how the individual communicated.

Even if the individual does not ultimately demonstrate capacity to consent, an added bene t
of assessing capacity to consent as described in Sects. 3 and 4 was that it also helped the partici-
pant get used to the research team members, the interview format, and advocating for themselves
by asking questions as they occurred to them. Researchers may gain insight into how they com-
municate and can plan future study sessions to be more accessible to that individual's unique

abilities and strengths.

Figure 3.2: Scaffolding Screening Content

A person crossing their arms in a “no” movement indicating that answering is voluntary. Text
beside says "You do not have to answer any questions you don't want to”
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Support Image Considerations: Selecting appropriate support imagery requires additional test-

ing as interpretation can vary between individuals. In line with past work [142], no one voiced

a preference between photographs and illustrations. However, one of our phase one interview
study participants did verbalize confusion during the consent process concerning one image in-
tended to indicate not having to do something (Fig. 3.2). In this illustration, the hand position
was interpreted as sign language. In recent years, there has been an increased interest in the
Down Syndrome community in teaching sign language and nger spelling to people with Down
Syndrome to support their expressive communication skills [225] as signs and gestures are help-
ful. Several participants or their parents mentioned using sign language in this way. Researchers

should be aware of this practice when selecting appropriate images to supplement text.

Figure 3.3: Consecutive Questions using Scaffolding Method to build upon Complexity

Two slides side by side. Left: a desktop, laptop, and 2-1 tablet. The question beside asks "Do
you use a computer?” and two large Yes and No buttons. Right: a single person is underneath
"Do you do it by yourself.” The other side shows a group of people underneath text that reads

"Or Do you do it with Someone else?” At the bottom is a button that says "it depends.”

Scaffold Question Complexity: When asking questions, it is important to slowly build upon
complexity. Scaffolding questions allows people with Down Syndrome to link questions with any
related follow-ups (Fig. 3.3). While it is better to minimize the number of response options in

follow-up questions, several of our participants did not struggle when a larger number of options
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(less than 7) were present. It is, however, important to limit the total number overall to reduce

any feelings of being overwhelmed by too many options to process and choose from.

3.5 Conclusion

To increase the participation of people with Down Syndrome in research, it is critical that it is
accessible and uses inclusive practices. Accessible documents and inclusive methods that facil-
itate communication can better support people with Down Syndrome as participants in directly
informing the research, design, and development of health technologies. By consulting with a
self-advocate who has Down Syndrome during study planning phases, future researchers can
similarly improve the accessibility of their technology research study design and procedures with
these suggestions. While it may take additional time and effort during the beginning of a research
study to make participant-facing documents more accessible, the steps described were critical to
ensure more inclusive methods that supported the strengths of people with Down Syndrome, to

actively engage them in research.
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Chapter 4: The Discovery Stage: Striking a Balance Between Autonomy and
Safety: Supported Decision-Making Opportunities Involving Tech-

nologies Used by People with Down Syndrome

4.1 Introduction

People with Down Syndrome (DS) are living longer than ever [39]. Early intervention and
inclusive education have improved quality of life, levels of independence, and employment
[92,274]. Despite this, individuals with DS have historically been disempowered as decision-
makers. Guardianship (e.g., one person is given legal authority to make decisions for another
[259]) is a common practice in the world. Supported decision-making (SDM) is an inclusive
alternative. SDM is an interdependent process where family members, trusted friends, or profes-
sionals “help them understand the situations and choices they face so they may make their own

informed decisions” [30].

4.2 Methods

Like Lazar et al.'s [155] approach, we worked with adults with DS who regularly used technology
(i.e., experts). However, de nitions of expertise and usage baselines have evolved (e.g., social

media was less common, some platforms and devices did not exist). This shift necessitated

77



direct feedback from PwDS rather than mere observations, so we conducted interviews. A paid
consultant with DS and the lead author reviewed and improved all materials (e.g., recruitment
content, forms, interview questions) and study procedures. All participant-facing documents
used large text and relevant images to aid understanding. Interview questions were presented
in a slideshow that participants could see as the content was read aloud. For shy or less verbal
participants, answer slides included images for them to point to. These efforts aimed to enhance

accessibility and collect direct feedback from PwDS.

Participants

This article uses pseudonyms only. We recruited 11 participants (6 male, 5 female) aged 1643
(24 mean) from DS organizations, listservs, and social media. The study sample was relatively
diverse in terms of race, ethnicity, and background: Black (2), South Asian (1), Mixed (2), and
White (6). We conducted interviews either in-person (3), remotely (6), or a mix (2). Participants
had to self-report a DS diagnosis, regularly use technology, and be able to speak verbally. The
majority lived in the US, except for Charlie (Australia). Most participants used complex language
and gestures, understood emotional cues, and found workarounds for tasks, indicating mild in-
tellectual disabilities (9—12 years old mental equivalent to typically developing (TD) peers) and
a couple who may have been mild-to-moderate (6—9 TD age equivalent). This aligns with the

typical DS population (85% mild, 10% moderate) [219].
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Consent

Studies often rely on proxy-derived data, such as “ eld notes, questionnaires, surveys, semi-
structured interviews from primary stakeholders (parents, caregivers, teachers, experts) to Ilin
the gaps” from behavioral observations of PwDS. To be inclusive, we followed Wehmeyer et
al.'s [298] consent/assent protocols. Participants had to meet four conditions: they voluntarily
chose to participate, understood the content, had rational reasons for joining, and could weigh
risks versus bene ts. For example, we asked, “How would you describe the risks or bad things
that might happen during the study to a friend?” to assess comprehension. Minors or those
unable to demonstrate capacity had a parent or guardian provide consent, while others completed

the process with their parent or guardian before the interview.

Study Partners (SP)

Many parents, guardians, or personal aides were participants' SPs. Participants decided whether
their SPs were on-site or opted for independent participation. For example, Deven and Remy were
entirely independent. Lennox and Quinn took part independently, but their SPs remained on-
site. Most SPs facilitated conversations between researchers and participants. For example, they
reworded questions to align with the participant's communication style or clari ed participants'
responses to con rm their intended meaning, added speci cs, or provided context (e.g., during

infancy). Amari, Charlie, Parker, Blake, Koa, and Riley's SPs did this.
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Data Collection

Participants took part in interviews that ranged between 15 min and 2 h. Participants chose both
the duration of the interview and any breaks they took. Interviews were recorded when permission
was given to ensure the accuracy of statements. 26 of the 27 interviews were recorded then
transcribed. During Asher's unrecorded interview, 2 researchers took notes to capture statements
as accurately as possible. This interview was the only instance of another researcher being present
during research activities or analysis. The analysis of 29 h and 16 min of interview data resulted
in 931 excerpts. We also collected health-related data. However, that data will be analyzed in a

separate paper.

Re exive Thematic Analysis (RTA)

Following the principles of Re exive Thematic Analysis, we began by reading interview tran-
scripts and observation notes, highlighting excerpts, writing memos, and creating initial codes
[34]. We used a width-to-depth approach to explore who, what, when, and where technolo-
gies and systems were used by PwDS. Some initial width codes included “Tech Use: Cre-
ative/Interesting” and “Navigating Power Structures.” After a month of re ection, we revisited
the data with fresh eyes for the depth analysis. We delved into the subtext to more deeply engage
with the data. We drew from the asset-based, social model for disability rather than the de cit
medical model [189]. Data was interpreted through a Critical Disability lens and examined the
power structures around tools and their use. Later depth codes included: “Social Media: Barriers

to Autonomy” and “SDM Work ow/Components.”
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4.3 Results

Current Technology Use

Participants became more pro cient with technology during the COVID-19 pandemic.
“You're so good at all that stuff now that you probably don't remember there was a time when
you were learning how to use all that, but it was hard to gure out and frustrating sometimes”
[Lennox SP]. Most participants had regular access to or owned more than one device (Table 4.1)
and predominantly used a variety of “mainstream” systems, devices, and applications indepen-
dently most of the time. “I would say 99%" of the time usage was unsupported and unsupervised
[Riley's SP]. Participants seemed more motivated to grow their digital skills when they had reg-

ular access to technology that easily integrated with their lives, interests, and goals.

Smartphones and Tablets

Everyone said their favorite devices were either their smartphones or tablets. Participants said
interactions and activities when using them were more enjoyable and satisfying (e.g., watching
videos, connecting with others, playing games, managing their money). Everyone but two used
their phones daily [Amari, Deven]. Lennox and Charlie preferred the larger screens offered by

tablets.

Wearables

Charlie called his Apple Watch his “second phone.” 50% of participants used smartwatches or

tness trackers to record physical activity. Others felt the screen was “just quite too tiny” and
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caused them to “mess up all the time” [Remy]. However, DS-speci c differences in ne motor

control may explain the dif culty [39].

VUIs

Instead, Remy often used voice user interfaces (VUI) (e.g., Apple's Siri, Amazon's Alexa, Google's
Assistant) and their offered features: “You can speak to text” [Remy]. Typical activities included
shopping, listening to music, texting, calling people, or information seeking. Other fans, like
Charlie, Deven, Quinn, Parker and more, enjoyed the playful interactions VUIs offered (e.g.,
jokes, funny responses, conversations). They also asked them to de ne unfamiliar words, or to
get help with “math problems” [Remy]. In contrast, Lennox found their voices “annoying,” and
Asher's SP estimated Alexa misunderstood 85% of his queries due to phrasing and enunciation

issues, a common challenge for many PwDS [39].

Table 4.1: Participant devices

Pseudonym AR Computer Phone Tablet VR VUl Wearable

Asher + '

Amari + + + ' '

Charlie ' + + ' +

Remy + + + + +

Parker +&' + + +

Deven ' + + +

Blake + + + '

Quinn + + + '

Koa +&' + ' +

Lennox ' + + 2 '

Riley + + + + +
+ = Personal Device '= Shared Device = Has Used

Extended Reality Most participants recognized the potential of Augmented Reality (AR)
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apps for gaming, learning, and navigation. Riley used AR to try on glasses, and nearly every-
one used AR lters to alter their appearance. During his interview, Remy used a Zoom plug-in
with various AR animal avatars. In contrast, Virtual Reality (VR) had mixed reception; while
some were open to gaming, socializing, and learning, many were hesitant due to concerns about
headaches, dizziness, or safety.

Computers were used the least, often associated with work [Charlie], school assignments
[Lennox, Deven, Koa, Quinn], or goal attainment (e.g., Quinn updated her resume). However,
some used them regularly. Driven by their love of languages, Amari took sign language classes
“virtually on Zoom,” and Riley used “G—Google translation ... [to] do French ... Spanish ...
[and] Minionese.”

Tech Support When participants were more familiar with a device or app, they recalled
how they provided tech support for others. Parker supported her aide: “She has a phone, but
sometimes she doesn't know which app she has to go to.” SPs remarked: “[Quinn] know][s]
better than 1 do ... [she] constantly show[s] me what to do.”

Social Media Use Most participants said connecting with others was the best part about
using technology, often via social media (Table 4.2). Many in-person social interactions became
mediated by technology (e.g., fashion/talent shows, trivia, prom [Blake]). When asked what made
an app feel like it was made for him, Lennox responded “because of my friends.” Video features
were favorites because, like Koa, participants liked to see their friend's faces. Amari used both
text and video-based chat features as she simultaneously gamed with friends online. Lennox was

the only one who reported using a social media app designed for “kids who are special needs”
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Table 4.2: Social Media Use

Pseudonym Facebook Instagram Snapchat TikTok X/Twitter YouTube Other

Amari p ¥
Charlie ¥ ¥ ¥

Remy ¥ ¥ ¥ p p ¥

Parker ¥ ¥ ¥ ¥ ¥

Deven p p p

Blake ¥ ¥ ¥ ¥ ¥

Quinn ¥ ¥ ¥

Koa ¥ ¥ ¥ ¥

Lennox ¥ ¥ ¥ ¥
Riley ¥ ¥ ¥

¥ =Uses p =Abandoned
* Asher did not take part in the interview discussing social media

4.4 Discussion

Barriers to Autonomy and Safety Concerns

The interviews revealed several barriers impacting PwDS. Social features in digital systems aim
to enhance user experiences but can pose risks for vulnerable populations, such as people with
IDDs. For example, Asher's strong desire to make friends led him to text and call random num-
bers, raising concerns for his parents. Participants also expressed worries about scams [Quinn]
and hackers [Deven]. “We don't always feel safe when we are on [social media] ... in today's
world, we all don't know what technology is safe” [Deven]. Previous Online Safety Educa-

tion: Several participants received education about interacting safely with others online. “We've
talked about how ... you don't take any pictures of your body” [Lennox SP]. Parker: “if they're

asking to—to—and personal information ... I'm not gonna answer that.” Unfortunately, other par-
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ticipants, like Blake, struggled to recall what they had learned. Parker was also uncertain when
those safety rules applied: “Someone said “it's a private thing. Then, | really don't know what
to do ... I didn't know [it was unsafe] at the rst. I-1 was concerned what Mom and Dad might
say.” Parker's SP: “She feels safe when she shouldn't” These examples highlight how recalling

and applying why something is unsafe can be dif cult for some PwDS.

Parental Controls

were often used to address a variety of safety concerns. In addition to limiting access
to “rude” websites or downloading inappropriate apps, Charlie's technology use was closely
monitored because “we've still had some issues, mainly with predators ... often via text ... [or
on] Facebook, and it's like a friend of a friend or something” [Charlie SP]. Parental controls were
also placed for practical reasons, like when Lennox spent over a thousand US dollars on digital
media. Participants like Riley were bullied over the years. In addition to limiting screen time so
Instagram noti cations would not keep her awake at night, Parker's dad “set certain parameters

. S0 that the music won't get too loud so it [won't] hurt [her] ears.”

4.4.0.1 A Lack of Transparency

“We have a lot of parental controls on those places that he's probably not aware of”
[Lennox SP]. While parental controls can address safety concerns, a lack of transparency in
their implementation can negatively impact PwDS' autonomy. Remy expressed frustration about
his loss of digital autonomy and decision transparency: “The staff ... always check my phone,

[my iPad, and my MacBook] ... which I don't like ... | keep telling them it's privacy, privacy,
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privacy, but th—they really have to know what I'm doing.” Remy often left his devices “locked, be-
cause they don't recognize my face and ... [My aides] cannot gure out what my passcode is.” In
response, staff would punish his non-compliance by “turn[ing] off the internet.” This one-sided

decision about technology access turned a supportive relationship into a contentious one.

Digital Autonomy-Centered Supported Decision-Making and PwDS

4.4.0.2 Balancing Autonomy and Safety

This work contributes to the growing technology usage by PwDS literature [97, 155, 156,
270]. Unlike participants in [156, 270], our study found that our participants exhibited pro cient
technical skills across a wider variety of devices and engaged in complex digital activities us-
ing “mainstream applications independently most of the time. The digital skills our participants
developed during the pandemic highlight their ability to be adaptable, more independent, and
motivated to learn even more about technology (e.g., providing tech support to others, unsuper-
vised technology engagement with minimal parental support, creative workarounds to problems,
and use of multiple familiar and unfamiliar devices, like XR). Their feedback demonstrates their
ability to articulate technical needs and preferences, making them capable collaborators during
decision-making if supported. In other words, the digital engagement shown underscores that
PwDS, similar to our sample, likely possess key skills for SDM regarding their digital autonomy.

Limited options in current safety settings may inadvertently perpetuate potential unbal-
anced power structures that impact PwDS' digital user experiences. Our participants were adults
or transitioning into adulthood—a period where personal autonomy becomes increasingly im-

portant. However, most had parental controls installed on their devices sometimes without their

86



knowledge. Additionally, most parental controls for older adolescents or adults lack alternatives
to the oftentimes non-adaptive, overly restrictive approaches that current parental controls offer
(i.e., turn on/off only). This feeling of not being trusted to make their own decisions (e.g., Remy)
may instead have the opposite effect: (1) inadvertently damage key relationships with their loved
ones or (2) potentially foster secretive digital behavior. Ultimately, our ndings underscored the
importance of transparency and SDM. Results also suggest that current safety settings may be
inadequate, as incidents of bullying and inappropriate advances still occur. Re-thinking them
presents a unique design opportunity that may bene t the autonomy of PwDS and provide better
peace of mind to their loved ones. Re-designing settings that balance autonomy and safety relies

upon supporting and centering PwDS during SDM.

4.4.0.3 Technology Implications for PwDS

There is a digital gap which reveals the need for an integrated, autonomy-centered digital
safety process. This system should prioritize not just safety but also the digital education and skill
development of PwDS. It must be adaptive, involving PwWDS in safety decisions from the start
and when new decisions occur, be based on mutually agreed-upon thresholds and allow PwDS to
initiate decision renegotiations. Key focuses should include: (1) supporting personal autonomy,
(2) enhancing digital awareness and skills using context and safety ags, and (3) evolving with
them as they mature.

Current safety systems lack the adaptability to adjust settings as PwDS age or automat-
ically increase protections when a prede ned safety threshold is reached. Watcher/Listener

background processes (e.g., safety ags, keyword triggers, phishing monitors, deep fake detec-
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tion) could integrate with other app functions. For example, new social media connections with
weak ties could be agged for monitoring. Given that most participants preferred video content,
Just-in-Time Interventions could include multimedia features like reminders about boundaries
and educational content to enhance situational awareness and online safety skills, bene ting par-
ticipants like Parker, Charlie, and Riley when they were bullied or preyed upon. Safety Report-
ing Features could determine when and what content is reported to an app or authorities. Easy,
con dential reporting of abuse by PwDS may help reduce exploitation experienced by individ-
uals with IDDs. Leveraging system data, such as achievements or challenges, could trigger a
need to revise safety protocols. PwDS using Personal Autonomy Mechanisms could initiate
re-negotiations, grounded in their strengths, values, goals, preferences, and past experiences. An
“Options Talk” could involve all key stakeholders (e.g., PwWDS, support team members) to discuss
the pros and cons of each choice and their potential outcomes, allowing the PwWDS to make an
informed decision. In this way, integrating autonomy-centered SDM into a digital safety system
for PwDS could provide the logic, structure, and interactive mechanisms to support them as they

navigate ambiguous or potentially risky interactions on their own.

Limitations

Limitations that may Impact Generalizability include: (1) small sample size; (2) mean age ( 24);
(3) social determinants. Recruiting participants with disabilities posed challenges [154], leading
to a small but suitable sample for a preliminary study aimed at informing future research. All
participants met the inclusion criteria, adhering to best practices [154]. Participants' age and

social determinants may impact generalizability; most had early access to technology, inclusive
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education, and parental support. This may not re ect the experiences of PwDS under different
socioeconomic circumstances. Our ndings may not apply to young children, older adults, or

individuals from diverse backgrounds impacted by the digital divide [53, 183].

45 Conclusion

This formative, exploratory, qualitative study involving 11 PwDS described the unsupervised,
independent, and pro cient technology use and current barriers to their digital autonomy. Better
digital safety tools are needed. Current safety settings are not robust, exible, or inclusive enough
for the complex use cases that emerging adults with DS can encounter (e.g., scams, predators,
bullying). We proposed that PwDS-centered SDM could balance autonomy with safety. Mutu-
ally agreed-upon safety protocols may support personal autonomy, so “parental controls” could
instead become empowering. As such, PwDS could learn to protect themselves, set healthy
boundaries, recognize inappropriate behavior, report it, and re-de ne safety settings as they age.
Future co-design workshops, evaluations of prototypes, and eye tracking studies are needed to

de ne new safety processes and logic needed to develop this new inclusive, accessible system.
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Chapter 5: The De ne Stage: Health Data Visualization Literacy Skills of
Young Adults with Down Syndrome and the Barriers to Inference-

making

5.1 Introduction

Meaningful engagement with one's health information is critical for receiving high quality health-
care [19]. Unfortunately, many digital health systems present patient data in ways that can be
challenging for many people to interpret, understand, and extract information from and entirely
inaccessible for others [83,115,139,179, 257]. As health management becomes intertwined with
data across an ecosystem of systems and personal devices, an individual's ability to read, in-
terpret, and understand data visualizations of their health information is increasingly integral to
one's quality of life.

Furthermore, inaccessible presentations of health data may contribute to an inequitable
quality of care, particularly for people who have disabilities. People with Down Syndrome, like
other individuals with intellectual and developmental disabilities (IDDs), already report receiving
lower quality healthcare than their typically developing (TD) counterparts [10]. As technology
has the power to magnify social inequalities, data visualization accessibility barriers may likewise

hold the potential to exacerbate existing healthcare disparities for people with Down Syndrome

90



[286].

Data visualizations, in particular, may play to people with Down Syndrome's strength as
learners with strong visuospatial abilities [89, 92]. Unfortunately, there currently is no literature
describing the data visualization literacy and graph reading skills (i.e., graphicacy) of people with
Down Syndrome. To address this data visualization gap and provide guidance for improvements
that could be made for more equitable presentations of health data for our population of interest,

we investigated the following research questions:

1. What are the graphicacy skills of people with Down Syndrome as they read and make sense

of the information presented in health data visualizations?

2. What accessible health data visualization design opportunities are there to better support

people with Down Syndrome's abilities as they interact with health information?

The rst of its kind, our exploratory study investigated and reported upon the underlying
data visualization literacy skills of people with Down Syndrome as they progressed through the
three stages of reading a graph (i.e., rst stage: locating and identifying health data visualiza-
tion [HDV] elements; second stage: observing and comparing relationships between the HDV
elements; and third stage: connecting the information across the HDV elements with outside
information, see Section ??). We also provide background about our study population, the in-
terrelated literacy-based skills necessary to read data visualizations, and summarize the limited
related literature. Section 5.2 describes how we conducted the semi-structured interviews with
ten young adults with Down Syndrome as they read six health data visualizations of varying

complexity inspired by or borrowed from existing health applications or information sources.
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Section 5.3 begins by detailing the initial saliency task for each of the six HDV types. Re-
sults indicate study participants used a variety of strategies as they began to read and interact with
the information visualized. It also reports upon the various stage-speci c tasks (i.e., six HDV el-
ement identi cation tasks, seven HDV relationship comparison tasks, and four HDV element
connection tasks). Each stage identi es various stage-speci ¢ barriers, which impacted perfor-
mance during the various HDV reading tasks. In the end, we describe the observable downward
cascade to participant performance as they progressed through the three stages.

In the discussion (Section 5.4), we describe our theory: several task- and design-based bar-
riers adversely impacted participants' abilities to make inferences as they progressed through the
three reading stages. We further describe how these barriers stemmed from commonly occurring
data visualization design decisions and how the increasing dif culty, complexity, and ambiguity
of the reading tasks as they progressed through the stages compounded the effects of any errors
made. We close our discussion by noting our study's limitations and proposing future avenues
for research.

This study makes two contributions:

1. A detailed account of people with Down Syndrome's data visualization literacy skills in a

health information context; and

2. Twelve suggestions with potential strategies to improve the overall design of HDVs (Tables

5.9 and 5.10 summarize).

These design considerations may improve the accessibility of not only HDVs, but also better
support the inference-making abilities of individuals with Down Syndrome as they make sense
of health data.
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5.2 Methods

Prior to the study, we consulted with four subject-matter experts to inform the study's design
and ensure participant-facing materials were accessible to our study sample. Subject-matter ex-
perts included: a self-advocate with Down Syndrome, the medical doctor and director of a Down
Syndrome specialty clinic, an occupational therapist at a different adolescent and adult Down
Syndrome-speci c clinic, and an education professor, whose work focuses on improving mathe-
matics education for students with Down Syndrome. All participant-facing documents, interview
guestions and study procedures were co-developed with, evaluated by, and revised based upon
feedback from our subject-matter expert self-advocate with Down Syndrome. The partnership
with the consultant with Down Syndrome resulted in more accessible presentations of all research
materials (e.g., recruitment, screening, consent/assent documents, primary interview questions)
to facilitate the independent participation and self-advocacy of our study participants (see exam-
ple in Figure 5.3). The consulting self-advocate also helped to ensure study procedures were
more aligned to the strengths of people with Down Syndrome. The resulting study methods and
materials were approved by our university's Institutional Review Board (ID: #1884885). This
section describes our participants, how we chose and designed the health data visualizations, our

study procedures, and our data analysis.
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Participants

Table 5.1: Participant Information

Pseudonym Age Sex Race Occupation Previous  Study
Graph Partner
Training Status*
Shiloh 29 F Black Unemployed Not Men-F, A
tioned
Emery 21 M White Employed Not Men-F A
tioned
Harper 26 M  White Employed Not Men-I
tioned
Skyler 24 F Native Employed Yes F, A
American
& White
Darcy 21 M  South Student: Yes I
Asian University
Jesse 22 F White \olunteer Not MenF, A
tioned
Morgan 27 F East AsianUnemployed Not Men- O, |
& White tioned
Jordan 16 M Black Student:  Yes F,A
High
School
Cameron 17 M  White Student:  Yes o, l
High
School
Sloane 20 F White Student: Not Men- FA
High tioned
School

*Study Partner Status: F = Partner FACILITATED communication; A = Partner ADDED
to participant's answers; O = Partner ON-SITE only; | = INDEPENDENT participation

We recruited participants from social media platforms, large national Down Syndrome organiza-

tions, local family groups, and email listservs. Ten participants, who met our study's inclusion

criteria (i.e., be 16+ years old, self-report a diagnosis of Down Syndrome, use some form of

technology in their everyday life, and are able to verbally communicate), took part in the study.
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Overall, our participants were young adults, whose ages ranged between 16 and 29 years old
(22.3 mean age). Although we did not collect or measure 1Q scores in this study, no study
participants demonstrated behavior indicating either a severe or profound intellectual disability.
Study participants were verbal, understood gestures and emotional cues, and used more complex
language (i.e., responses were not limited to a single word and/or gestures to communicate [62]).
These behavioral and communication skills indicated study participants may have had either a
mild or moderate intellectual disability, which is in line with ID prevalence and severity within

the Down Syndrome population [192]

Although we did not collect or measure 1Q scores in this study, no study participants
demonstrated behavior indicating either a severe or profound intellectual disability. Study par-
ticipants were verbal, understood gestures and emotional cues, and used more complex language
(i.e., responses were not limited to a single word and/or gestures to communicate [62]). These
behavioral and communication skills indicated study participants may have had either a mild or
moderate intellectual disability, which is in line with ID prevalence and severity within the Down
Syndrome population [192]

All study participants were located in the continental United States except for one (Emery
lives in Australia, see Table 5.1). Participants decided upon the length of the interview and
any breaks they wanted. They also chose whether the interview would be remote or not (In-
person: Shiloh, Darcy, Jordan, and Cameron; Remotely conducted: Emery, Harper, Skyler, Jesse,
Morgan, and Sloane).

All participants except for two (Darcy and Harper) had a study partner on-site with them
during the interviews (see the last column in Table 5.1). Participants could choose if the partner

was in the same room during interviews. Study partners took part in varying levels during the
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interviews. As they were more accustomed to the unique communication style of each participant,
several study partners (i.e., those with the "F” designation in Table 5.1) would clarify wording
or questions to facilitate the interview process if the participant was uncertain how to answer.
Occasionally, study partners might comment upon behaviors they had observed (i.e., those with
the "A” in Table 5.1). However, the data we report upon below are taken entirely from the 699

direct participant quotes that we analyzed.

Graph Selection and Design

All HDVs were either inspired by or borrowed from medical resources, news, or health apps
(e.g.,[99,138,191,209,231]). The HDV types (e.g., table, bar chart, line chart, scatter plot) were
selected as they are commonly used to illustrate personal health data. The topics on all six charts
are related to weight management. The topic was also suggested by the subject-matter expert,
who is a leading Down Syndrome clinical researcher. Due to lower basal metabolic rates and the
increased prevalence of hypothyroidism within the population, people with Down Syndrome are
at an increased risk of being overweight or obese [223].

Participants viewed 6 data visualizations which had varying levels of complexity (Figures
5.1 and 5.2). As we were interested in the realistic experiences of people with Down Syndrome
with HDVs, we selected imperfect yet representative visualizations. For example, some graphs
included multiple unique differences between certain elements, such as graph #5, which had two
y-axes. While other graphs had omissions, such as graph #6, which had no title.

All visualizations, except for the multi-colored Body Fat table, included various design

elements (e.g., pictorial additions of icons, symbols, or images) that past work suggested may
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Figure 5.1: Graph 1—Body Fat Chart for Men Table (left); Graph 2—Daily Steps Bar Graph
(center); Graph 3—This Week's Macronutrients Stacked Bar Graph (right)

Figure 5.2: Graph 4—Weekly Walk Distance History Line Graph (left); Graph 5—Activity In-
tensity Line Graph with 2 Y-axes (center); and Graph 6—A scatterplot comparing the perception
of a food's healthiness of Americans vs. Nutritionists (right)

improve: comprehension and recall [128], memorability [31], working memory and information
retrieval speed [120], and data accessibility for people with IDDs [313]. This choice was made to
speci cally understand how the Down Syndrome population responded to these design features
within the HDV context. However, not all elements of graphs were accessible. For example, the
Body Fat Chart for Men table had poor color contrast between the background color and the text.
This table was selected because of its visual similarity to BMI charts, which are commonly used

in healthcare.
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Procedures

All participant-facing research materials were presented in a full-screen slide show with the as-
sociated question or text written to better support verbal short-term memory differences of par-

ticipants [133] (see Fig. 5.3).

Figure 5.3: Sample interview question presentation format

In addition to the accessible information format, we followed inclusive research consent
procedures involving people with Down Syndrome [309]. Speci cally, consent forms were read
aloud as the materials were presented to support reading comprehension. We assessed capacity
to consent at the same time as we went through the consent form content. Questions about clarity
of content were asked after each section (e.g., “Did | explain the section topic clearly?” “Do you
have any questions about the section topic?”). We also asked section questions intended to assess
whether the four conditions for demonstrating capacity to consent were satis ed. These were, 1)
clearly and consistently state their desire to be involved, 2) demonstrate understanding, 3) have
rational reasons for taking part, and 4) appreciate the risks and bene ts of the research study. For
example, after the section describing the risks to participation, we asked: “We just talked about a
few risks, like having bad feelings. What do you think about risks?”

For individuals who did not demonstrate capacity to consent, a parent or guardian provided
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consent. Some participants and their study partner opted to complete the consent form indepen-
dently rather than go through the guided process. When this occurred, the parent or guardian
provided either consent or assent.

Interview questions were informed by the various literacy-based skills (described in the
Background), which we mapped to the three reading stages (see Appendix B.1 Tables). Ques-
tions were also guided by the Visualization Literacy Assessment Test evaluation points [159].
However, we opted not to use the exact questions as the the scale was not developed with peo-
ple who have Down Syndrome in mind. Instead, we adapted the types of questions asked (e.qg.,
identify extremes, observe trends, etc.) to be more accessible for our population.

During the interview, the HDVs were presented to participants following the same order as
listed in Figures 5.1 and 5.2 (i.e., table, bar graph, stacked bar, line graph, dual y-axis line graph,
scatterplot). As the goal of the study was to understand the reading process and the potential
accessibility barriers during the process, the questions asked covered different perspectives of the
process. Questions loosely followed a saliency, identi cation, connection, overall takeaways, and
extremes format with the differences and overall trend questions being asked last. We used open-
ended saliency questions when we wanted to capture more naturalistic graph reading behaviors
of people with Down Syndrome (i.e., when participants could choose for themselves the best
way to proceed). The questions aimed at comparing values to identify extremes had the added
value of illustrating more authentic reading tasks (i.e., starting with a speci ¢ question to nd
an exact value). The exact question wording of both general and HDV-speci ¢ questions are
available in Appendix B.1. Please note that the middle headers indicate the question topic that
was asked (e.g., identify title, y-axis label, trend, etc.) except for the pseudonym and overall
column headers.
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Although we did not perform member-checking, researchers asked follow-up questions
when a participant's speech or wording was unclear. We also repeated what participants said
back to them to either clarify or con rm their responses as well as to ensure the data accurately

recorded the intended meaning of participant statements during the interviews.

Data Analysis

As the goal of our research was to understand how people with Down Syndrome read, inter-
pret, and, ultimately, construct meaning from HDVs, we used constructivist grounded theory to
analyze the semi-structured interviews in order to identify future accessibility design require-
ments [56]. We concurrently collected, reviewed, and analyzed study data. All interviews were
transcribed verbatim. We identi ed excerpts, and discussed initial codes and emergent themes
collaboratively. Interview data was supplemented with researcher memos and interview session
observations. We used comparative analysis to identify patterns, consistencies, and differences.
As the study and our analysis progressed, concepts were re ned into initial codes, which were
then collapsed into categories during focused coding to generate more abstract concepts and the-
ories regarding people with Down Syndrome's graphicacy skills and abilities. We drew upon
various three stage models for data visualization literacy to provide the underlying structure of
our resulting health graphicacy theory (see section 5.4 for discussion).

The grounded theory methodological practice of regular comparison during inductive data
analysis is intended to reduce researcher bias [67]. However, there is still a chance that our per-
sonal and professional backgrounds may have affected our analysis of our data [57]. Although

we collectively have nearly two decades of experience working with the Down Syndrome pop-
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ulation and we regularly volunteer with Down Syndrome organizations, we are not members of
this community. As a team of typically developing academic researchers that focus on technol-
ogy accessibility, we viewed our data through a critical disability lens that uses the asset-based,

social model for disability rather than the de cit-based, medical model of disability [18].

5.3 Results

This section details the experiences of ten young adults with Down Syndrome as they reviewed
and completed seventeen tasks for each of the six realistic health data visualizations during our
interview study. In total, we analyzed 11 hours and 15 minutes of interview data. The duration
of individual interview sessions ranged from 30 minutes to 2 hours. We report upon partici-
pant performance during each stage: initial HDV saliency (5.3.0.1) and identifying HDV ele-
ments (5.3.0.1) in the next two subsections, observing and comparing the relationships between
HDV elements (5.3.0.2), and connecting those elements and relationships with other information
(5.3.0.3).

Although we employ the three graphicacy stages in both the results and discussion, this is
done to provide structure, not to imply that constructing ones understanding of an HDV is a linear
process. The three stages are used to describe the activities involved to accomplish each stage's
speci c goal and potential barriers to those activities. Rather the process of constructing ones un-
derstanding of an HDV is a combination of bottom-up and top-down processes that occur during
the interplay between the external HDV and the individual's interpretation of the information as
viewers construct and revise their mental model of the HDV over time.

Additionally, the authors would like to note that the downward cascade to participant per-
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formance throughout the various graph reading activities indicated the negative impact of HDVs
that did not provide adequate support for people with Down Syndrome as they read and attempted
to make sense of the information presented. In other words, a "low” performance does not nec-
essarily indicate the limits of people with Down Syndrome's abilities; rather it demonstrates how
shortcomings in HDV design can introduce unnecessary barriers to effective inference-making,

understanding, and engagement with health information.

5.3.0.1 Reading Health Data

As described in the background, reading health data visualizations requires suf cient compe-

tencies with data, information, numeracy, and print literacies. These literacy-related skills are

requisite to notice what is salient, identify the various graph component elements, and recognize
if there is any missing information that is necessary to read the HDV. Below we describe people

with Down Syndrome's saliency and sense-making abilities, their identi cation skills, and some

accessibility barriers that can arise during the rst stage of reading health data visualizations.

Saliency The foundation of reading any graph or chart begins with identifying the various elements
that make up the health data visualization. We began our interviews by asking participants some
open-end saliency questions, such as "What is the rst thing you see?” During the second saliency
guestion, the researcher physically covered their own eyes with their hands and said "I am closing
my eyes now so | can't see.” The researcher then asked participants to describe everything they
were seeing in the graph to them. The bene t of taking a saliency- rst approach in the interview
was two-fold. First, the saliency questions show us generally where the participant was looking

and in what order they read the graph elements (i.e., how they naturally read graphs without any
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kind of structure). Secondly, the act of verbalizing provided insight into the saliency judgments
they were making (e.g., an element's relevance, importance, noticeability, etc.). This combination
demonstrated how people with Down Syndrome initially read health graphs without any supports
or guidance.

Participants described the HDVs in four different ways (see Appendix C.6 for all saliency
HDVs). First, they made generalizations based on their initial assessments of the information
presented, compared different types of data or regions in the HDV, categorized types of data,
and made judgments about the HDV. For example, upon seeing the different images of food in
the scatterplot, most participants generalized that the data was split into two groups, healthy and
unhealthy foods and beverages. Participants also called out speci c types of graph elements.
These could include the type of visualization (i.e., bar or line graph), the use of icons or images,
the presence of words, numbers or dates (e.g., ’l see a lot of numbers” in the table). Participants
also vocalized elements' speci ¢ text content, such as the title in verbatim or an actual number
value (e.g., "2.0”) in the HDV. The last type of observation that our participants made was noting
the various descriptive qualities (e.g., the color, size, or position) of HDV elements.

All participants made multiple, combinations of descriptions for every HDV. This demon-
strated that every participant was capable of varying levels of abstract thinking upon seeing an
HDV for the rsttime. The number of observations verbalized also differed between participants.
The quantity and locations of observations similarly indicate different graph reading patterns
across our participants. It also showed the visual path they were taking, where they visually fo-
cused on aregion or if they returned to a region or element more than once. As such, the order of
the observations likewise suggests varying levels of ability in effective scanning of information.

When initially reviewing the HDV, participants often leaned upon skills they were strongest
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in. For example, most participants employed their print literacy skills rst. Many participants
demonstrated a tendency to read speci ¢ text elements rst. Participants' then read text usually
from the largest to smallest in text size. This was followed by participants verbalizing items
that had suf cient color contrast as this facilitated quick and easy recognition of information.
After the written text, participants demonstrated a tendency to either call out familiar icons or
images or speci c colors when present in the visualization. Next, participants verbalized numer-
ical information. The order of numerical elements that were verbalized similarly followed the
largest to smallest with strongest to weakest color contrast. This suggests that familiarity and
con dence in various skills may in uence what is most salient and in what order this population
reads HDVs. In other words, many individuals were immediately drawn to HDV elements they
were con dent in their ability to make sense of the more familiar elements (e.g., print, num-
bers). This familiarity- rst behavior suggests some viewers with Down Syndrome may employ
a combination of top-down (i.e., long-term knowledge and skills) and bottom-up (i.e., taking in
stimuli without context) information processing as they interpreted the information to construct
their understanding of an HDV at the earliest stage of graph interaction.

As people with Down Syndrome can struggle to express themselves, it is worth noting that
several participants frequently avoid saying words or numbers that they struggled to audibly say.
For example, many participants struggled with saying the word "macronutrient” in the stacked
bar chart. Instead, they talked around, were hesitant to say, or omitted the word (e.g., "Whatever
that long word is called” [Harper], "It's a bit hard to say” [Morgan] "This week's—not—uh, |-l
don't know” [Jordan]). However, participants struggled less when they broke down the syllables.
When Emery got to graph #3, their study partner covered up the syllables as they read them,

allowing him to gradually read the word. This may signal an accessible design opportunity for
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long words or jargon in HDVs with populations who may struggle to visually parse through
multisyllabic words (e.g., "This week's Mac-ro-nu-tri-ents”).

Similarly, verbalizing numerical information also highlighted the numeracy issues people
with Down Syndrome can experience. There appeared to be an issue when reading long number
place values. Past work has suggested that dyscalculia is often a part of the Down Syndrome
behavioral phenotype [70], which occurred when participants encountered extra characters, such
as decimals separating the whole and fractional numbers, commas indicating higher-level number
place values (i.e., tens, hundreds, thousands), or dashes used in ranges. For example, Emery read
the age range "31-35” as "135” in the rst table. When Jesse said, "18 and 20, and 20 and 39, and
62, 85,” they were actually reading the age range (18-20), the rst two cells (2.0, 3.9) in the blue
Lean region and rst two cells (6.2, 8.5) in the green Ideal table region. Similarly, Cameron read
the total value of 63,451 in the bar chart as "Six thousand-six, ve, thirty-four, fty-one.” Skyler
had to correct themselves when reading the average number of steps "9,600-9,064.” This may
indicate incorrect number articulation errors caused by special characters creating visual shifts as
they read the number and encoded the position with the appropriate number place values.

Invisible number lines could also be a stumbling block for some participants. Jesse simi-
larly could not nd their age: “I'm 22. but 22's not on here.” According to the table, Jesse would
fall into the 21-25 age bracket. In this example, the use of age ranges requires a viewer to have
both suf cient working memory and numeracy skills to recognize the invisible number line with
a range of numbers. Increments on the X- and Y-Axes may also introduce invisible number line
barriers. On the “Weekly Walk Distance History” line graph, Darcy observed: “I see that the
graph skipped some numbers. It starts from 2.0 and then it counting by ve. Five, zero, ve.

Sloane struggled to articulate her frustration with the increments—in the y-axis of the macronutri-
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ents stacked bar chart. She referred to these skipped numbers as categories: “I see 100 category.

| see two—2,000 in categories and three cat—category and forty catty—category, ach!”

Identifying Health Data Visualization Elements An essential part of reading a health data visualiza-
tion is the ability to identify the various graph component elements (i.e., title, axes labels and
values, icons, images). HDV element identi cation requires sense-making, spatial awareness,
and effective scanning abilities. Additionally, interaction with a data visualization is not a linear
process [47]. Instead, someone's interaction and understanding of a HDV is continually re ned
as more information is visually sensed and encoded and mental models for the data are iteratively
revised and updated. Table 5.2 reports upon participant performance of each sub-task within this
rst stage of HDV reading. Correct answers are indicated by a point and incorrect answers with

zero points for each graph and each corresponding question.

106



Table 5.2: Reading the HDV: Identi cation of Health Data Visualization Elements

Pseudonvm Title X-Axis Y-Axis X-Axis Y-Axis Icons/ Overall
y Label Label Value Value Images

4/5 1/2 3/5 3/5 417 5/5 20/29

Shiloh 80%  50% 60% 60% 57.1% 100% 69.0%
Emery 5/5 1/2 2/5 4/5 3/7 4/5 19/29
100% 50% 40% 80% 42.9% 80%  65.5%
Harper 5/5 0/2 2/5 5/5 717 2/5 21/29
100% 0% 40% 100% 100% 40% 72.4%
Skyler 5/5 2/2 5/5 5/5 717 5/5 29/29
100% 100% 100% 100% 100% 100%  100%
Darcy 5/5 2/2 3/5 5/5 417 4/5 23/29
100% 100% 60% 100% 51.4% 80% 79.3%
Jesse 5/5 1/2 3/5 5/5 6/7 215 22/29
100% 50% 60% 100% 85.7% 40%  75.9%
Morgan 5/5 1/2 4/5 5/5 6/7 5/5 26/29
100% 50% 80% 100% 85.7% 100% 89.7%
Jordan 5/5 1/2 2/5 3/5 417 5/5 20/29
100% 50% 40% 60% 51.4% 100% 69.0%
Cameron 5/5 1/2 5/5 5/5 5/7 5/5 26/29
100% 50% 100% 100% 71.4% 100% 89.7%
Sloane 4/5 2/2 4/5 4/5 5/7 5/5 24/29
80% 100% 80% 80% 71.4% 100% 82.8%
Mean Score: 48/5 1.2/2 33/5 4.4/5 51/7 42/5 23/29
' 96%  60% 66% 88% 72.8% 84% 79.3%

N/A for Graph # 6 2,345 2,3 1 - 1

Overall, the participants performed well when identifying graph elements such as the: title,
X-axis labels and values, Y-axis labels and values, values within the visualization, and various
symbols, icons, or images. They also were able to identify the various stylistic elements such
as shape, color, and size. Six of the ten participants were able to identify more than 75% of the
various HDV component parts. The remaining four were able to identify between 65.5% to 72.4%
of the elements. This suggests that the graph perceptual, sense-making skills of people with
Down Syndrome are relatively strong during early health data visualization reading identi cation

activities. This is in line with past work that found people with Down Syndrome to be strong
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visual learners [92].

Saliency: The X- and Y-Axes: The X- and Y-axes labels scored the lowest during graph
element identi cation. This appeared to occur, in part, because of a behavioral reaction to pic-
tures when in uenced strongly by existing, health knowledge particularly in the scatterplot graph
(graph #6). The scatter plot's use of strong, realistic pictures appeared to reinforce our partici-
pant's existing nutritional understanding. As a result, the X- and Y-axes labels were often ignored.
This visual disregard may have occurred because photographs of food were used. Viewers ap-
peared to instead xate upon the highly familiar, concrete data points rather than noticing what
was being compared on the scatter plot, which compared the percentage of Americans versus
Nutritionists who said whether a food or drink was healthy or not.

Participants demonstrated an observable tendency to rst notice the X-axis, followed by
the Y-axis on the left whenever participants read graphs. However, many participants (60%)
struggled to notice an additional Y-axis was included in graph 5. Only three participants noticed
both the label and the percentage values [Harper, Skyler, and Sloane] when a dual Y-axis was
present. This behavior may indicate that some participants were unfamiliar with the procedure
when reading different types of graphs with axes in different quantities and locations.

Saliency: Icons vs. Images In the HDV's that used icons (graph #'s 2-5), participants
verbalized more descriptive qualities (e.g., colors, or data types, such as numbers or words) when
they generalized what they were seeing in addition to a greater number of speci ¢ HDV details
as they took in the information. Conversely, most participants (80%) in the scatter plot HDV
used more generalized descriptions of large categories of information. It appeared that the use of
images of various food and drinks combined with an unfamiliar graph type caused them to rely

more upon their understanding of nutrition. This resulted in broad generalizations about the data
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points and the visualization as a whole that was directly informed by their pre-existing nutritional
knowledge. Participants also categorized and grouped the more familiar imagery (e.g. foods and
drinks, healthy and unhealthy, “fat stuff” and “too much salty’[Morgan]). This kind of data
categorization and grouping can support estimation abilities [269]. Participants, like Cameron,
made other associations with what they were seeing as well: “I see different types of ... foods in
the kitchen, oven and stuff and the cups.”

Most participants (80%) skipped a lot of individual data point identi cation that they had
demonstrated in previous HDVs. Instead, many went straight to making judgments about what
was being depicted. This interestingly suggests that mental models of HDV's could become less
exible if pictures are used on their own without additional elements that can support accurate
inference-making if an assumption is made based solely on the familiarity of the images in con-
junction with their initial impressions of the data. It appeared that the con dence experienced by
the participants caused by the combination of familiar presentation and topic that simultaneously
reinforced their existing nutritional knowledge made them less visually critical of the remain-
ing HDV elements and what the relationship between data points could mean, especially if it

con icted with their existing understanding of the topic being visualized.

5.3.0.2 Reading Between Health Data

Reading between health data in visualizations requires even more skills (e.g., health data literacy
and numeracy skills, print literacy, abstract and spatial reasoning, and ratio processing abilities) to
effectively interpret visualized health information. These skills are critical for HDV viewers to: 1)

encode and map the information and 2) compare values. This section details the inference-making
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skills of people with Down Syndrome as they encode, map, connect, compare the visualized
health data.

Table 5.3 reports upon participant performance of each sub-task within the second stage of
HDV reading. During the various graph reading connection activities, performance diminished
(32.42%) among our participants as compared to identi cation activities. Only two individuals
were able to satisfactorily answer more than 75% of the questions in this stage. Three fell into
the third quarter (50-75%) and the other half of the participants scored 50% or less. These results
point to potential accessibility and HDV design opportunities that better support people with
Down Syndrome as they connect, compare, and interpret graphs. Please Note: partial points (i.e.,

.5) were awarded when participant answers were close, but not entirely correct.

Encoding and Mapping Information Mapping information in HDVs generally consists of connecting
the identi ed component elements of the graph's anatomy to each other and encoding the meaning
of visual attributes. Mapping information in this way supports viewers' ability to assign meaning
to each connected element and update their overall understanding of the visualization. In this
subsection, we describe the two visual attributes these HDV employed to support interpretation

of categorical information encoding: color and images.
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Table 5.3: Reading Between the HDV: Comparing and Observing Relationships Between Ele-
ments

Pseudo- Encode Encode Extreme Extreme Differ-
nym Color Icon High Low ence

2/3 4/5 417 417 4/6 15/6 15/5 21/39

Topic Trend Overall

Shiloh 66.67% 80% 57.14% 57.14% 57.14% 25% 30% 53.85%
Emery 3/3 45/5 45/7 6/7 6/6 4/6 0/5 28/39
100% 90% 64.28% 85.71% 100% 66.67% 0% 71.79%
Harper 25/3 4/5 3/7 417 2/6 3/6 0/5 185/39
83.33% 80% 42.85% 57.14% 33.33% 50% 0%  47.44%
Skyler 3/3 4/5 3/7 35/7 6/6 35/6 2/5 25/39
100% 80% 42.85% 50% 100% 58.33% 40% 64.1%
Darcy 25/3 45/5 55/7 6/7 5/6 4/6 2/5 29.5/39
83.33% 90% 7857% 85.71% 83.33% 66.67% 40% 75.64%
Jesse 1/3 2/5 217 1/7 3/6 1/6 0/5 10/39
33.33% 40% 2857% 14.28% 50% 16.67% 0% 25.64%
Morgan 1/3 3/5 1/7 217 4/6 1/6 5/5 125/39
33.33% 60% 14.28% 28.57% 66.67% 16.67% 10% 32.05%
Jordan 15/3 25/5 35/7 35/7 2/6 25/6 0/5 15.5/39
50% 50% 50% 50% 33.33% 41.67% 0% 39.74%
Cameron 25/3 45/5 55/7 6.5/7 6/6 4/6 15/5 30.5/39
83.33% 90% 78.57% 92.85% 100% 66.67% 30% 78.21%
Sloane 2/3 3/5 2517 417 4/6 1/6 15/5 18/39
66.67% 60% 35.71% 57.14% 66.67% 16.67% 40% 46.15%
Mean 21/3 3.6/5 345/7 4.05/7 42/6 26/6 .9/5 20.9/39
Score 70% 72% 49.29% 57.86% 70% 43.33% 19% 53.59%
N/A for
Graph # 2,4,6 1 - - - - 1

Encoding and Mapping Information: Color Encoding and Meaning Mapping Color
is typically used to distinguish categorical information by grouping elements so viewers can
more easily identify similarities and differences. Many systems designed for people with Down
Syndrome or other IDDs, use color-coding to indicate more than just groups. Some nutrition-
oriented health apps use the color metaphor of a stop light to indicate a food's health status (e.g.,
[156, 230]. However, graphical properties, like color, are not equal in their ability to accurately

communicate meaning. Other channels, such as spatial region, position, length, angle, and size,
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are more effective [61, 190].

Three graphs used color encoding: the table (#1), the stacked bar (#3), and the line graph
with two y-axes (#5). The table used both colors and labels to associate the two as a group (i.e.,
blue = lean, green = ideal, yellow = average, red = above average body fat percentage). In the line
graph, color coding was used to indicate intensity of a physical activity to visually link the heart
rate and effort y-axes together. Finally, the stacked bar used color to indicate the healthiness of
a macronutrient using the stoplight visual metaphor, to distinguish between the three values, and
to visually link the macronutrient label with the icon (i.e., lettuce = healthy carbs, leg of meat =
protein, butter = fats).

When color-coding did occur, 30% of the participants had no meaning association. Instead,
viewers, like Jesse, inferred that color was simply a stylistic choice: “it means the colors ...
like different kinds of colors. It's blue, green, yellow, red.” The percentage of those who had
no meaning associated with color was higher during the rst half of the interview versus after
spending more time engaging with the HDV. Harper was the only one who explicitly stated that
the graphs were “color-coded.”

In the table, many participants recalled a pre-existing color association, “Normally, the
green, yellow, and red means ... Stop, Slow, Go. But [I'm] not sure about the blue” [Harper].
When other colors did not also map to the metaphor, like the blue, confusion occurred. For
Jordan, green was “good,” yellow was “bad,” and red was “very bad.” However, they instead
associated blue with the affective state of “sad,” which may indicate a color metaphor-mismatch
occurred. This inaccurate encoding made interpreting the graph more dif cult. Typically a high-
performer, Cameron did not notice the labels at all. Instead they interpreted the color as corre-

sponding with the size of the region. While Sloane did connect blue with its lean label, they said
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green was “healthy” and red was “really bad.” They described yellow in terms of foods that were
both healthy and yellow-colored.

Graph #5 similarly indicated how more explicit mapping between color and meaning is
necessary in more accessible HDVs viewed by people with Down Syndrome. High-performers
were able to associate how color was used. Skyler observed that colors were the “different kind
of colors of different beats in your heart.” Similarly, Cameron was able to connect the title and as-
sociate the color with its gradation: “The colors mean how—how deep is the intensity... [Green]
means like not that—not that intense. Dark red means that it's that extreme amount in the inten-
sity.” However, imperfect color encoding and mapping still occurred 45% of the time. Jordan
associated the color with the icons rather than intensity levels. This suggests that despite the
presence of labels, color is not strong enough to ensure accurate mental connections in a world
of potential implied meanings.

The stacked bar chart had the highest level of correct color mapping at 95% accuracy. Even
participants, who consistently struggled [Shiloh, Emery, and Harper], were able to connect both
color and icon encoding when properly reinforced with familiar distinct imagery that was rein-
forced by understanding of health information and had a label to support mapping. However
Jordan's concrete associations with the food icons overruled a totally accurate color interpreta-
tion: “[Red is] bad food. [Yellow is] good food. [And green is my] favorite food.” This may
signal the strength of lived experience to inform HDV interpretation.

Encoding and Mapping Information: Image Encoding and Meaning Mapping Five of
the six HDV used icons or pictures to support comprehension as suggested by previous accessible
visualization recommendations [313]. While icons did support most participants’ connection

between graph elements, some participants did not like the use of icons. Darcy, who self-reported
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that they were very familiar with reading graphs, preferred a “dot” instead of the shoe icon.
As such, there are some caveats for how those icons could be incorporated into visualizations
intended to be more accessible to people with Down Syndrome within the health context.

Appropriate image selection is critical. Sloane initially thought the vertically stacked shoe
icons in the Daily Steps bar graph was a “shoe store.” While Cameron extrapolated that “those
lo—logos represents [the] amount of di—distance” in the Weekly Walk Distance line graph. Others,
like Jordan, associated the shoe icons not with steps but with physical activity (i.e., “walking”)
in the bar graph. However, for Darcy, the shoes were simply shoes and the caution sign meant
nothing to Morgan in the dual Y-axis line graph. Sloane interpreted the lettuce icon in the stacked
bar chart as green brain, which, in turn, impacted their connection of the icon to its healthy
carbohydrates label.

Graph complexity can also interfere with accurate icon encoding. The use of multiple icons
in a single graph should be carefully considered, particularly if there is not a label to provide a
redundant encoding for bundling connections between elements. In the fth graph, while the use
of different icons were intended to visually represent a change in activity intensity to reinforce
position on the graph as well as the color encoding on the graph background, the different icons
did not clearly map. As a result, the complexity and use of multiple icons in the dual y-axis line
graph contributed to the icons only being 45% accurately encoded-the lowest scoring graph.

Icon encoding can take time to process. Like some, Morgan did not initially, verbally
associate the shoe icons with steps. However after spending time answering questions about the
bar graph, those participants persistently associated the shoe icons with steps across all three
graphs that used the shoe icon. This was interesting as the meaning of the shoe icon changed
with every graph that used it (i.e., bar graph #2 = steps; line graph #4 = distance; dual y-axis line
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graph #5 = mid-level intensity). The re-use of icons when an association has been made caused
participants, like Morgan and Harper, to consistently demonstrate this carryover effect during
icon encoding. Other icons also had pre-existing associations, which similarly affected correct
meaning-mapping. For , the use of hearts and a warning sign to indicate higher heart rate zones
meant something different for Harper, Morgan, and Jordan, who interpreted the hearts as “love”
or “falling in love” and the triangular warning symbol as “person” [Harper], “danger” [Shiloh
and Sloane] or a “danger zone” [Darcy].

The results from this and the previous sections may signal an accessible HDV design fea-
ture opportunity to provide more explicit inference-making features that support the connection-
making abilities of individuals connecting graph elements and channel encoding, like color or

icons.

Comparing Information Comparing information in HDVs involves both visuospatial and abstract rea-
soning as well as ratio-processing abilities to recognize patterns, similarities, differences, ex-
tremes, anomalies, and ultimately connect the various elements together to infer the overall trend.
This section describes how people with Down Syndrome compared high and low extreme val-
ues. It also reports upon the differences participants noticed when viewing HDVs. The number
and kind of differences indicated varying levels of cognitive exibility among our sample when
recognizing patterns, generalizing, and grouping.

Comparing Information: Extreme Values
The extreme value questions illustrated authentic reading tasks where the viewer begins with a
speci ¢ question to nd an exact value (see Appendix C.4 for the exact HDV-speci ¢ questions

asked). Overall, participants performed moderately well when comparing data to determine ex-
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treme values. They were able to accurately discern both the high values roughly half of the time:
Table (60%), Bar (50%), general values Stacked Bar (50%) speci ¢ values Stacked Bar (60%),
Line (45%), Dual Y Line (45%), and scatter plot (45%). They performed slightly better when
judging low values: Table (85%), Bar (70%), general values Stacked Bar (50%), speci ¢ values
Stacked Bar (60%), Line (50%), Dual Y Line (55%), and scatter plot (40%). One reason for the
moderate performance may be that participants had to use different procedural skills to locate
extreme values across all six HDVs.

For example, the table (HDV #1) required effective scanning of large amount of numbers,
some with poor color contrast. While Shiloh generalized to entire regions, some participants,
such as Morgan and Sloane, instead visually xated and answered within their eld of vision
when the question was asked. The table also required participants to recognize patterns across
the overall numbers to nd the location of extremes. The values increased from top-to-bottom
and left-to-right with the lowest in the upper-left and the highest in the bottom-right. There were
also table reading procedural issues for Jesse and Sloane, who answered with age values, which
were literally the highest number visible to them.

HDVs #2-5 required participants to visually track between the graph's axes and the in-
dividual values. During this visual back-and-forth, participants engaged their ratio-processing
system to visually compare the differences between values. The brain's ratio-processing system
attends to ratios of difference between non-symbolic values (i.e, not number symbols, but shapes
or areas) [180]. As HDVs are visualizations of non-symbolic values, comparing between them
requires noticing fractional differences between the information represented. When the contrast
between values is great, it requires less cognitive effort. When it is smaller, it can increase a
viewer's cognitive load (Fig. 5.4). After this comparison has occurred, they then must keep track
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of each of value judgments in their visuospatial working memory until they nd their answer.

Figure 5.4: Ratio-Processing Equivalent values between symbolic numbers and non-symbolic
areas

Comparing the lowest values in the bar graph required the least cognitive effort for ratio-
processing. This made sense as most participants were able to correctly answer this question.
However, more sensitive ratio-processing skills were necessary for the high values in the bar
graph and both the overall high and low extremes as well as the speci ¢ macronutrient type ex-
tremes in the stacked bar graph. Half of the participants struggled to correctly determine the
highest value in the Daily Steps bar chart. Saturday (i.e., the correct answer), Tuesday, Wednes-
day, and Thursday all had very similar values to each other. Because of this lower contrast ratio,
four out of the ve answered one of the visually similar, yet incorrect values (Emery, Harper,
Darcy, and Jordan).

Ratio-processing skills were taxed in the stacked bar graph when participants were asked to
determine extremes of speci ¢ macronutrient types (i.e., highest protein and lowest fat). Unlike
comparing values in the bar graph, which started on the same level on the x-axis, comparing fats
and protein areas were more dif cult because they sat on top of the different healthy carbs values.
Being stacked on an uneven base appeared to impact participant's abilities to effectively process

and differentiate between the lower contrast, fractional differences in the sizes of the protein and
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fat rectangles. This suggests an accessible visualization design opportunity to highlight when the
values have low ratio contrast and reduce unnecessary impacts to the viewer's cognitive load.

When participants had hit their ratio-processing limit, they reverted to a more familiar graph
reading strategy of looking to the top of the shape to determine the highest or lowest values.
All four of the participants (Emery, Harper, Darcy, and Cameron), who incorrectly answered
Thursday as the day with the most fats, did so because Thursday had the most overall grams.
Visually, Thursday had the highest position from the top. Similarly, when Shiloh was uncertain
how to judge the highest and lowest values in the daily steps bar graph, they reverted back to their
stronger number reading skills as they seemed less con dent in the ratio-processing abilities. In
both instances, Shiloh answered with the smaller numerical metric underneath the title: “Yeah, so
the highest and the lowest: 63,451. And the lowest is the nine thousand. No, no. Nine hundred,
sixty-four ... so—the highest and the lowest.”

While the imagery was the most familiar, the procedural skills required to read a scatterplot
graph was the most foreign to all participants. Several participants leveraged other graphicacy
skills they felt more con dent using as they interpreted the nutritional data. For example, two
participants reported that kale [Darcy and Sloane], which was visually in the highest position to
the top of the graph, was the most healthy. Other participants relied upon their health literacy
and were instead in uenced directly by their nutritional knowledge. They broadly generalized
that “the highest food is the healthy foods” [Skyler], “the veggies up top” [Emery] or “the fruit
and vegetables” [Harper] in the scatterplot. Shiloh said the “junk. It's ice cream—the desserts”
were the least healthy in the scatterplot. Harper echoed this assessment by generalizing with
“all the junk.” As a result, how participants compared values suggests that when individuals with

Down Syndrome felt less con dent in their interpretive procedural skills they instead switched
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to more familiar skill sets and prior knowledge to interpret HDVs. In other words, they use the
same tactics as other typically developing populations when they are not sure how best to proceed
when they are uncertain how to interpret a data visualization.

Comparing Information: Differences The ability to effectively compare values within a
HDV is critical to notice patterns within the data, where values diverge from each other, and
what anomalies or outliers there may be. Effective comparative skills support the viewer's un-
derstanding of the data by examining the relationships between values. Comparing the relation-
ships between and across the HDV is foundational to interpreting patterns on the micro (e.qg.,
[in]consistency of a performance instance) and macro level (e.g., overall trend across multiple
instances).

All of the participants were able to compare data and demonstrated varying levels of cogni-
tive exibility when answering this question. Skyler showed the highest level of exibility when
mentioning differences in HDVs—a total of 18 differences across the six graphs. Cameron was the
second highest at twelve and Emery reported eight. The lowest was Harper, who noticed three
differences.

Participants verbalized multiple kinds of differences. The types of differences mentioned
were: the individual shapes, differences between regions, overall trend across the visualizations,
colors, and images. The most commonly reported difference type was the various kinds of data
(i.e., text, numbers, axis labels and values, speci c graph values). This once again highlights our
sample's tendency to rely upon and leverage their strongest skills (i.e., reading) when doing an

unfamiliar task like verbalizing differences of data representations.
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Connecting Relationships across HDV Elements After an individual has encoded and mapped mean-
ing between the elements of the HDV and has compared values to get the gist of the data, the
viewer will then connect those component elements together. Connecting information allows
viewers to make sense and begin to understand the overall nature of the HDV. Creating mental
relationships between the information allows the viewer to understand: 1) the topic and 2) the
overall trend.

Although most participants performed moderately well throughout the entire interview,
performance dropped dramatically as many participants struggled to connect the various elements
and aspects of a HDV to synthesize a coherent understanding of the information represented.
Results support previous work which found that while people with Down Syndrome understand
abstract information, the differences to their working memory can make managing too much
information with too many relationships at the same time a challenge [55, 133].

Connecting Relationships across HDV Elements: Identifying the Topic Only a quarter of
the participants were able to connect the various graph elements, aspects, and information to the
overall topic of the table (HDV #1). A little less than half (45%) of the participants were able to
get the overarching topic of the bar chart, the stacked bar, and the dual Y-axis line graph. The
HDVs with the highest levels of connection between the data and the topic were the line graph
and the scatterplot at 50%. It is worth noting that unfamiliarity with the scatterplot graph type
led to everyone generalizing. Everyone got partial credit for verbalizing that the graph depicted
the overall topic of healthy and unhealthy foods and drinks. However, no one was able to provide
the more nuanced answer: the scatterplot was comparing the perceptions of healthiness of food
and drink items judged by nutritionists versus the average American.

Cameron, Darcy, Emery, and Harper were the most consistent individuals to succinctly
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synthesize and summarize many of the HDVs. Harper described the table being: “about the
ages and the percent of the fat.” Emery connected the HDV to his everyday life, which made
connecting the data to the topic much easier: “It is called steps for—-same as my watch! It tells
you, like, activities in there.” Cameron recognized that the macronutrient stacked bar graph was
about: “the grams of, like, the amount of food. And the food has different categories because
carbs, protein, and fats.” Emery described the line graph as: “It looks like a snake. That is how
many walks have you done. ... how much you've done it—of the walk distance history.” Cameron
summarized the topic of the dual Y-axis line graph by saying: “it's all about the intensity in the
activity, um, it tells you ... the times at the bottom. Um, is telling you about different times of
the levels of the activity intensity.”

A mixture of partially correct and incorrect answers indicated that participants were in-
uenced by their personal understanding of health, exercise, and nutritional knowledge. For
example, Skyler said the table was about: “how much you eat ... It has different kind of col-
ors of what—what the—the healthiest things that you can eat. That's it in my head.” Like Jesse,
Darcy described the Body Fat table as: “different pounds of weight you have and also about your
losing.” Their response was informed by the visual similarities between the much more familiar
BMI chart often seen in doctor's of ces. Emery recalled the food pyramid when they saw the
stacked macronutrients bar graph: “it's ... like, um, a food triangle one that is ... And then
there's a different one. Different one is, like, that equals healthy one, protein, and fat.”

When patrticipants answered incorrectly, most responses consisted of describing and identi-
fying elements and aspects of the HDV rather than connecting everything together. For example,
Sloane described the stacked bar as: “combine as healthy. And it will really combine to protein

and fat” and counted the number of data points in the dual y-axis line graph, which had “22.
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There's 22 times. It's something measuring from, uh, to 80. Uh, maybe 75. ... all about, uh, the
line of, um, gray mark.”

The issue of multiple blocks of easier-to-read text came up during the topic question as well.
For some participants, seeing these text blocks did cause some incorrect connections. “It's graph
about the weekend because it started on, uh, every month. Like, um, Jan—-January, Feb—February,
March, April, and May. Hmm... new year. | don't know” [Sloane]. “It's the steps been taken in
the years-—since the numbers” [Harper].

Connecting Relationships across HDV Elements: Identifying the Overall Trend
Trend identi cation was the most dif cult question for our participants. Most participants strug-
gled to connect how each of the individual data points worked together to describe the overall
trend (i.e., how the parts describe the whole).

Participants answered correctly the most often when the trend was obvious. Participants
performed the best in the Weekly Walking Distance History line graph at 40% correct identi ca-
tion of the upwards trend. Several participants actually described the overall trend as they were
connecting the graph elements to the topic. “This graph is describing that the walk distance is
increasing” [Darcy]. Cameron described the red line as: “a snake goes up. ... all the logos in
the snake that-that goes up th—those lo—logos represents amount of d—distance.” When Sloane
couldn't nd the words, they instead vocalized the change: “the highlighted [line] And it goes
"whoooop.” ... the number [is] bigger.” They audibly changed pitch of the vowels from lower
to higher as they said “whoooop” to express the changes in the increasing trend. Sloane again
embodied their response to describe the positive trend in the scatterplot as well. Cameron drew
upon their health and data literacy skills to demonstrate their understanding of how nutritional
components of the foods depicted affected where they fall on the plot: “The nutrients number
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could change because of the sugar weight.”

Trend identi cation was particularly challenging in the table and the scatterplot. This is
because trend identi cation in the table required observing the changes using the numerical in-
formation only and none of our participants could recall interacting with a scatterplot before, so
unfamiliarity of the graph type made describing its trend dif cult. 1t was also challenging when
there was no discernible pattern (i.e., not clearly ascending, descending, or remaining around the
same amount), which occurred in the bar graph. Of those who were able to correctly identify the
trend, only Cameron could describe the trend in the table and the scatterplot. Darcy was the only
participant who partially described the bar graph's trend and two others were able to identify the
stacked bar and dual y-axis line graph's trends.

There appeared to be a relationship between participants who were detailed describers dur-
ing the saliency questions and those who were able to describe the HDV's trend. Many partic-
ipants used more concrete language to describe how the visual changes in data points appeared
across the entire visualization. Skyler, who excelled at descriptions throughout their interviews
described the stacked bar's trend as: “I know for a fact it's wavy.” Oftentimes relating the abstract
patterns to more familiar, concrete imagery made trend interpretation easier to articulate. Shiloh
similarly described the dual y-axis line graph's trend: “it's like a noodle.” In the same HDV,
Skyler described the initial upward climb and subsequent dips as “very like up and down. It's
like a roller coaster. ... a pool. But it goes straight, but it has the little roller coaster baby pool to

me.
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5.3.0.3 Reading Beyond the Data

Data visualization literacy activities associated with reading beyond the health data are critical
for viewers to reach the interactive and critical health literacy levels. Much like the interactive
level of Nutbeam's health literacy model (see Section 2.4), reading beyond the data requires HDV
viewers to engage, ask questions, leverage and apply new health information to decision-making.
This is then mapped to examples of applications of those skills as they more deeply engage with
the HDVs. This section reports on how 1) people with Down Syndrome would engage with
their data, 2) their information-seeking inclination during HDV engagement, and 3) what kinds
of changes they thought they should make given the information presented in the graphs. Please
Note: Partial points of .5 were given in Table 5.4 when participant answers were close, but not
entirely correct.

Overall, our participants demonstrated low levels of the more advanced engagement stage-
speci c skills. There was a further 29.24% performance drop from tHestage to the nal en-
gagement stage. Participants demonstrated mostly lower levels of engagement with the presented
health information. Skyler was the only participant in the nal stage whose behavior indicated
she was engaging with the HDVs. Only two participants, Emery and Darcy indicated moder-
ate engagement. Shiloh, Jesse, Cameron, and Sloane have low levels of engagement. Harper,

Morgon, and Jordan demonstrated very little engagement.
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Table 5.4: Reading Beyond the Data: Connecting Data Across the HDV with Outside Information

Pseudonym Interaction Interactive Information Changes to Overall
Potential Expectations -Seeking Behavior
Shiloh 2/6 216 25/6 0/6 6.5/24
33.3% 33.3% 41.67% 0% 27.08%
Emery 5/6 5/6 3/6 1/6 14 /24
83.33% 83.33% 50% 16.67%  58.33%
Harper 1/6 0/6 5/6 0/6 15/24
16.67% 0% 8.33% 0% 6.25%
Skyler 6/6 6/6 45/6 3/6 19.5/24
100% 100% 75% 50% 81.25%
Darcy 3/6 6/6 15/6 6/6 16.5/24
50% 100% 25% 100% 68.75%
Jesse 1/6 5/6 216 216 10/24
16.67% 83.33% 33.3% 33.3% 41.67%
Morgan 0/6 0/6 0/6 3/6 3/24
0% 0% 0% 50% 12.5%
Jordan 1/6 0/6 0/6 5/6 15/24
16.67% 0% 0% 8.33% 6.25%
Cameron 3/6 6/6 15/6 0/6 10.5/24
50% 100% 25% 0% 43.75%
Sloane 3/6 4/6 0/6 1/6 81/24
50% 66.67% 0% 16.67% 33.3%
Mean Score 25/6 3.4/6 155/6 1.65/6 9.1/24
41.67% 56.67% 25.83% 27.5% 37.92%

Interaction Potential and Expectations A well-known data visualization design mantra in HCI sug-

gests that users want an “overview rst, zoom and lter, then details-on-demand” as they engage

more deeply with whatever information is visualized [256]. However, these best practices may

not be as intuitive for people with Down Syndrome, who often did not think HDVs were interac-

tive. 60% of participants thought that the HDVs were not something they could click on (table

and bar: 75%, dual y-axis and scatterplot: 60%, line: 50% and stacked bar: 30%). Then, we

asked what they thought would happen if they did interact with it. More participants thought

of potential ideas for interaction (bar, dual y-axis, and scatterplot: 50%, table and line: 40%,
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stacked: 30%).

Many said they could not mentally envision or had “no clue” [Harper and Shiloh] what
would happen if they chose to click on anything. The unknown outcome made even the adven-
turous computer user, Shiloh, who will “Click click click click. Gestures clicking across two
computers. ... all the time,” irresolute. Instead, unfamiliarity with the task domain appeared
to increase their hesitation and reduced their desire to perform even exploratory clicks. Jordan
con rmed that any click or interaction with a HDV would be a “surprise” to them as they could
not imagine what would happen. When Jesse did nally click on the stacked bar graph, they said:
“Uh | broke it.” They immediately blamed themselves—rather than the HDV or technology—for
the lack of response from their action. This may indicate those who were similarly hesitant or
declined to interact may also share a strong internalized locus of control that could contribute to
feelings of low self-ef cacy during unfamiliar tasks [240] like engaging with HDVs.

Only Skyler interacted with every HDV with unprompted, adventurous exploratory inter-
actions. Others just verbalized where they would click or tap. Participants said they expected
interactivity on the axis values or labels [Emery, Shiloh], graph values, such as numbers, lines,
or bar graphs [Cameron, Jesse, and Jordan], icons or images [Shiloh, Jordan], or “anywhere” in
general [Harper, Emery]. While hesitant to click, Shiloh and Morgan did use Google to look up
terms they were uncertain about, like “clickable.” Shiloh, in particular, regularly used the browser
to nd de nitions throughout the entire interview.

Of the seven participants who did expect something to occur after they interacted with
it, only two mentioned expecting details-on-demand for most of the visualizations (Darcy and
Cameron). They both expected to see the same, additional weight information on the body fat

table cells, the total steps for each bar, the “carbs, proteins and fats” (Darcy) “by the amount of
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the grams” (Cameron) for each day's macronutrients, both the number of miles and the distance
in the line graph, and the nutritional information in the scatterplot. The two only diverged in the
dual Y-axis. Darcy wanted each icon to reveal the “activity you're doing” and Cameron instead
expected to see “the number amount of the intensity.”

Some participants also expected the same type of outcome for each kind of interaction
with the HDV. Emery wanted clicking on the HDV to either hide or close it except for the bar
graph. For the Daily steps, he wanted it to function just like the same visualization he regularly
interacted with on his Apple smartwatch. “It's going to put it three ways. The rst one is the
activity thing. Second one is the serving thing. And then [the] third one is the rewarding, um,
award thing.”

However, almost everyone had different expectations for what that interaction should be.
Jesse wanted different types of interaction outcomes upon clicking the HDV, such as video con-
tent from YouTube in the table, “An app comes up ... Like social media” for both bar graphs
and “my FitBit” for the stacked bar, and “a story or ... like a movie or something” in the line
graph. Others expected an animation of more information to “... come right at you, ... get
bigger” (Skyler) and “pop right up” (Shiloh). Sloane liked the idea of having videos or agents
to provide additional information support. "Like a chat ... like, uh, people talking” about how
fats can be "really unhealthy ... not healthy at all.” Like Sloane, Skyler also suggested gami ed
elements: “the shoes will come ying at you. ... | would typically duck under ... and you can
eat the lollipops” [as a reward]. Sloane described how icons could use animation, which might
provide additional layers of redundant meaning encoding to better support viewer interpretation
and conceptually link the image to the activity being visualized. They suggested animated icons

like the “walking of the shoe” and “a heart beating” to reinforce the connection with BPM.
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Information-Seeking and Question Generation Even though participants didn't generate questions or
have information-seeking triggers when interacting with the HDVs around three-quarters of the
time, the remaining 25% generated rich types of questions and info-seeking activities. These
were oriented around: 1) wanting more explicitly connected information together, 2) wanting
additional encoding supports for icon meaning and value, 3) step-by-step guides when they were
uncertain how to progress, 4) wanting to limit visual messiness, and 5) clearer de nitions for
unfamiliar words or abstract concepts. This section also describes the visual aversion we observed
in some participants when they encountered intimidating or unfamiliar content in HDVs.

Emery had dif culty connecting the relationships between various types of data. He wanted
these connections to be “better explained.” Shiloh was likewise uncertain how the age brackets
and the regions were related and what those connections meant. Skyler also wanted to support
connecting the relationships between various graph elements together (i.e., how the walk dis-
tance line graph values and weeks in the x axis were related). Emery con rmed that he wanted
additional information and support interpreting values to better understand why the extremes
happened and what other values meant in the stacked bar chart. Finally, Sloane wanted an expla-
nation of the trend in the Weekly Walking line graph.

When the icons were used, Skyler wanted to know what the shoes represented numerically.
“I wish it was explained better by how many shoes are on the measuring sticks.” If icons are
meant to support comprehension, that needs to be explicitly explained in the design. However, if
each icon equals a speci ¢ number of items, the total rather than an implied calculation needs to
be included. In other words, a legend that says “1 shoe = 500 steps” would be less effective than
having the total label say “On Monday, you walked 9,400 Steps.”

Finally, several participants wanted the HDVs to be more neatly ordered as visual messi-
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ness hindered their ability to make connections. For example, Skyler wondered why the color
blocks in the table were different sizes. As oftentimes size is used to indicate quantity, some par-
ticipants were confused when they noticed that the red above average block was visually larger
than the blue lean region, which was, in turn, smaller than the green ideal and yellow average
classi cations. Both Emery, Cameron, and Darcy wanted neater categorizations of healthy and
unhealthy items as they were visually overwhelmed by the data points being "jammed together”
[Cameron] in the scatterplot. Darcy suggested Itering content and drill-down functionality to
make it easier to view. “I wish they would organize the graph better. Yeah, because like now it is
like messy ... so someone would click on carb, and then all the carbs would go into a category,
and then there would be protein it would go there and then fats would go there into different
groups—3 groups.”

Fast to look up information in the browser, Shiloh immediately Googled the word “inten-
sity” when they encountered it in the dual-y axis line graph. However, they grew frustrated at
times with the unfamiliarity and dif culty of the task domain (i.e., reading, interpreting and en-
gaging with HDVs) when search engines did not provide helpful results. When Jesse encountered
the unfamiliar words and concepts of “healthy carbs. [and] mac-uh-nutrients,” they wanted addi-
tional information to better understand what these items meant. Jesse also wanted de nitions for
unfamiliar health metrics: “I don't know what beats per minute B-BPM means.” Skyler instead
preferred to ask people in their life what things meant.

For other participants, however, they demonstrated a visual aversion to unfamiliar graph el-
ements or aspects that felt either unnecessarily dif cult or intimidating to parse: “I'm not clicking
at the words” (Morgan). Throughout the interview, many participants appeared to prioritize their
cognitive effort and adjusted what they chose to attend to. As a result, more abstract or unknown
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elements became blind spots to be ignored as the viewer attended to problems they felt con dent
enough in their skills to solve. Another example of this behavior was when many patrticipants fell
back on their print and number reading skills when they were uncertain of the steps required to

interpret and understand the abstract visualizations.

Re ecting upon Personal Behavior Changes Participants varied in the depth of the level of re ection
they were able to engage in with the HDVs. For example, Jordan connected the Body Fat table to
being more conscientious of his food intake by “eating salad.” Morgan also found the line graph
to be a motivation for them: “It is telling me to walk a little bit far, and like 'keep going, going,
going' and like ‘take a break to drink lots of water' [and then] 'keep walking, walking again.”

An athlete, Darcy, who already tracked health information in various aspects of their life, often
found inspiration for other ways they could leverage their personal information to become even
more physically t with every visualization: “The [table] is telling me | need to start, | need to
weigh myself.” In the bar graph, Darcy re ected that “maybe | can start tracking—measuring my
steps, and see how many total steps that I've taken Sunday until Saturday.” and the line graph
inspired him to take it a step further by also recording “how much walk distance | walked.” The
stacked bar chart told him “watch out for macronutrients ... like how much carb I'm eating. How
much protein and fat I'm eating.” The visualizations also made Darcy want to tweak how he
currently tracked his workouts: “this is telling to graph—to graph the time I'm exercising. When
I'm tracking activities, | put the day that I'm exercising. | put the date and the type of the type of
exercise I'm doing. But this graph is different, this graph shows you what time you are exercising

... ljust put the date and then | put what I'm doing.”
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5.3.0.4 A Broad Range of Abilities

Participants successfully completed more than half of the HDV reading activities (56.9%). In-

dividual performances within each phase and across all three phases varied widely from person

to person. While performance was generally better on the health data visualization identi ca-

tion and connection activities compared to the synthesizing skills used when reading beyond the

data, some participants saw a smaller decrease in performance than others. Furthermore, the

participants' performance as they progressed through data visualization tasks indicated different

abilities, strengths, and potential accessibility requirements across our sample (see table 5.5).

The variation to performance, like other IDD populations, indicate that the skills of people with

Down Syndrome are highly heterogeneous when reading and making sense of HDVs.

Table 5.5: Changes to Individual Success Rates Across HDV Reading Stages

1st 1st to 2nd 2nd to 3rd 1stto

Pseudonym Stage: 2nd Stage: 3rd Stage: 3rd Overall

Reading Stage Reading Stage  Reading Stage  Mean

the Data  Diff. BETWEEN Diff. BEYOND Diff.
Shiloh 69.0% -21.9% 53.9% -49.7% 27.1% -60.7%  50.0%
Emery 65.5% +9.6% 71.8% -18.8% 58.3% -11.0%  65.2%
Harper 72.4% -35.5% 47.4% -86.7% 6.3% -91.3%  42.0%
Skyler 100% -35.9% 64.1% +26.8%  81.3% -18.7%  81.8%
Darcy 79.3% -4.6% 75.6% -9.0% 68.8% -13.2%  74.6%
Jesse 75.9% -66.3% 25.6% +62.9% 41.7% -45.0%  47.7%
Morgan 89.7% -64.2% 32.1% -61.0% 12.5% -86.1%  44.8%
Jordan 69.0% -42.4% 39.7% -84.1% 6.3% -90.9%  38.3.%
Cameron 89.7% -12.8% 78.2% -44.0% 43.8% -51.2%  70.6%
Sloane 82.8% -44.2% 46.2% -27.9% 33.3% -59.8%  54.1%
Mean 79.3% -32.42% 53.6% -29.24%  37.9%  -52.18% 56.9%

Participants who were employed had a higher mean success rate. Skyler had the highest

mean success rate across all three stages at 81.8%. Similarly, Emery, who uses a computer
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in their of ce job, was the most consistent, ranging between 58.3% and 71.8% success rates
and the lowest overall performance decrease (11%). Emery was also the only participant to
improve during the second connection phase from the rst stage's identi cation tasks. Other
factors outside of those collected or observed in this study may have also affected performance.

While education in how to read a graph is useful, it was not the sole indicator of success
and showed mixed results. As current high schoolers, Jordan and Cameron, received the most
recent instruction about data visualizations. Another student in secondary school, Sloane, did
not mention any recent graph education. While Cameron had the 3rd highest mean success rate
across all three stages (70.6%), Sloane was in the middle at 5th (54.1%), and Jordan scored the
lowest at 38.3%. Darcy, a current university student who is passionate about their health, had
the most consistent high success rate ranging from 68.8% to 79.3% and had the second highest
overall mean score of 74.6%.

Although education may be a factor, resilience in response uncertainty and adaptability was
a better predictor of a higher mean success rate. Participants in the lower half were among those
more likely to abandon tasks or respond that they did not know how to answer or proceed. This
more consistent trend across the participant pool indicated a barrier when they were uncertain
what to do next, what elements meant, or how to connect elements together. Interestingly, this in-
cluded Harper, the only participant who lives on their own. While Harper regularly demonstrates
resilience and adaptability in their everyday life and throughout the study, this did not extend to
tasks when they were unsure how to solve a task with more abstract data in a health context.

Although people with Down Syndrome have strong visual and spatial reasoning skills, as
evidenced by our participant's high performance identifying and comparing areas of HDV ele-
ments ( 80% success rate), individuals like this study's sample may similarly struggle making
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inferences and constructing understanding with how the information was connected. This ap-
peared to occur when they were uncertain how to proceed or design elements forced them to

make cognitive leaps during an HDV activity.

5.4 Discussion

As previously described, each stage's activities aim to further that stage's overall goal (e.g., iden-
ti cation of HDV elements to understand initial structure of data, comparing elements to observe
relationships between them to notice patterns and differences across data, making connections
about data observations with outside information to use the data as a potential decision-making
aid). During the various stages' activities, a viewer interprets the HDV using what they have
learned so far and constructs their understanding (i.e., their mental model) as they interact with
the HDV over time. Each stage-speci ¢ activity also builds upon—and potentially revises—what
they learned in other stage activities. Meaning that, even though participants may have gone
back and forth between stages as they constructed and revised their mental model for the HDV,
an error that occurred that was foundational to their mental model, such as misinterpreting HDV
elements during an identi cation task, can negatively impact both their overall interpretation and
their inference-making abilities during later stage activities.

As participants gradually created and re ned their mental model for the HDV, the dif culty
and complexity of HDV activities similarly become more challenging. Activity dif culty and
complexity increased because viewers had to hold more information in their working memory,
which further placed greater demands upon the level of cognitive effort necessary to complete a

later stage activity. When cognitive efforts became taxed, there was an increased potential for
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participants to make errors.

These errors could occur for several reasons (e.g., visually skimmed information too quickly
and missed a detail, dif culty recalling graph reading steps, unfamiliarity with a type of graph,
insuf cient opportunities to regularly use graphicacy skills that causes their pro ciency to de-
grade). Errors may also occur if they do not have graph-speci ¢ background knowledge and
skills to draw upon. However, should an error occur—and it remained uncorrected as the mental
model was updated-the viewer's mental model of the HDV can be inaccurate. When an error oc-
curs at the earliest interpretation and it is not recognized and appropriately revised, the potential
to successfully complete later activities may likewise be adversely impacted.

As a mental model is constructed from the interplay between an external system (i.e., the
HDV) and the viewer's interpreted internal representation of it, the decline in activity success
rates in table 5.6 suggests that a combination of HDV design-based and task-based barriers may
be to blame. In the next sections, we re ect upon the two categories of barriers that contribute
to the highly individual performances across the study participants: design-based barriers (5.4)
and HDV reading task-based barriers (5.4.0.4). The combination of these co-occurring barriers
further diminished participant's inference-making abilities as they progressed through the HDV
reading stage-speci c tasks. In 5.4.0.5, we propose 12 potential design suggestions that may im-
prove HDV accessibility for individuals similar to this study's sample. We summarize these HDV
design suggestions and provide examples of potential strategies to address such accessibility is-
sues in Tables 5.9 and 5.10. We conclude the discussion by describing our study's limitations and

potential avenues for future work (5.4.0.6).

134



Table 5.6: Barriers to Inference-making: Overview

Reading Reading Reading
the Health BETWEEN the BEYOND the
Data Health Data Health Data

Design-based Barriers increased the potential number of errors
that could impact inference-making
as they progressed across the three stages
(Table 5.7)

Task-based Barriers caused procedural uncertainty
(i.e., tasks increased in dif culty, complexity, and ambiguity)
impacting how they made inferences.

(Table 5.8)

The combination of design and task-based barriers caused their
Overall Performance to diminish over time.
(Table 5.6)

We posit that the observed downward cascade to participant performance across the three

stages of reading health data is the result of a combination of task and design-based barriers.

Table 5.6 is a simpli ed representation of our theory. It depicts how individuals similar to our

study participants with Down Syndrome progressed across the three stages. As the inference-

making barriers in HDVs increased over time, the negative impact of those barriers can cause a

cascading decrease to an individual's success at various stage-speci ¢ HDV reading related tasks.

The arrows, which indicate participant progression through the 3 stages, represent how 1) the

negative impact of design-based barriers compound, 2) the dif culty, complexity, and ambiguity
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of HDV reading tasks increases as they progressed through the three stages. As these stages build
upon one another, 3) the overall performance proportionately diminished and declined.

Our theory is that the adverse effects caused by these co-occurring barriers resulted in in-
creases to participant cognitive effort. This was re ected by the performance deterioration that
occurred for 90% of the participants (table 5.6, end of results). In other words, the errors that
occurred in the early stages had compounding effects on the later more complex stage-speci c
tasks. This happened because the observations made in the earlier stages are foundational to the
later stages when those observations are used during inference-making as the viewer constructed
their understanding of the HDV. As a result, any misunderstanding in the beginning only be-
came more pronounced as they progressed and had a more signi cant negative impact upon their

inference-making ability.

Design-Based Barriers to Effective Inference-Making

This section describes the various kinds of design-based barriers that can hinder people with
Down Syndrome's ability to effectively make inferences from information presented in HDVs.

Table 5.8 summarizes all design-based barriers described in both the results and the discussion.
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Table 5.7: Design-Based Batrriers to Inference-making

Reading the Health Data Reading BETWEEN Reading BEYOND
the Health Data the Health Data

Invisible number lines Unclear  Relationship Unclear what is ap-
(Numeric Ranges andbetween X/Y Axes ID & propriate use Outside

axis Intervals) and Visual Use (5.3.0.1) Info (5.3.0.2)

shifting in number place

values (5.3.0.1) Unclear Meaning of Unclear how to Syn-
Color Encoding (5.3.0.2, thesize Meaning from

Unfamiliar Words, Jar- 5.3.0.3) Connected Elements

gon, or Abstract Concepts for overall message

(5.3.0.1,5.3.0.3) Unclear Meaning of Im- (5.3.0.2, 5.3.0.2,

age Encoding (5.3.0.2,5.3.0.3)
Unde ned Image/icon 5.3.0.3)

meaning overridden by Unclear Interaction—
more familiar associationsDif culty = Comparing Potential & Outcome
(5.3.0.1) Values (5.3.0.2) (5.3.0.3)
Visual Blocks of Repetitive Unclear Meaning of Parallel Info-Seeking
Text (5.3.0.2) Differences (5.3.0.2) Task Req'd to Read
(5.4.0.2)
Visually  Overwhelming Unclear Relationships
(5.3.0.3) between ElementsOutside Personal
(5.3.0.2,5.3.0.3) Info Reqd to Read
Token Type Distinction, (5.4.0.2)
Abstract Language Prefer-Transposed Con-
ence (5.4.0.1) tent Breaking Visual

Metaphor (5.4.0.3)
Unclear Abbreviations
(5.4.0.2) Unclear Meaning of
Partial Image Values
Transposed Presentation 0f5.4.0.4)
Content (5.4.0.3)
Result: Adverse impact of barriers to inference-making ability may worsen over time
IF earlier errors are not recognized & corrected as their mental model is updated
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5.4.0.1 Abstract Language Barriers: Type-Token Distinction Preference

The language used in HDVs may be generalized with more abstract terms (e.g. an exercise HDV
titted: "This Week's Activity”) to incorporate the wide range of things that the original design
intended describe with that one word. However, participants indicated that HDVs intended to
be read by them could bene t from replacing generalized language with more speci ¢, concrete
descriptors to better support comprehension. As such, participants demonstrated a type-token
distinction preference when discussing increasingly abstract lagnuage appeared in HDVs. Types
are abstracted descriptive concepts (e.g., a sphere); tokens are speci ¢, concrete instantiated ob-
jects (e.g., that orange leather basketball on the ground) [302]. This preference became evident
when participants indicated wanting clari cation about the types of abstract information in a
HDV. For example, when researchers asked type-oriented questions that used generalized, plain
language to describe abstract content or concepts, such as trends, participants wanted more in-
formation. Responses that clari ed meaning instead used more speci ¢ token language. When
token-oriented language was used, participants answered questions with greater ease as the con-
crete speci city of the language enabled them to visually orient their attention to the specic
content being discussed in the HDV.

In line with past research, we still found that people with Down Syndrome can “handle
abstract things in a relatively easy way” despite the abstraction level preference for the more
speci ¢, concrete token distinctions over more abstracted types [187]. Rather, concrete speci city
that drew the participants' attention to tokens rather than types enabled them to better understand
abstract content or the nature of type concepts. Future HDV design features that support this

preference may be more bene cial and accessible to people with Down Syndrome.
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5.4.0.2 Fill-in-the-Blank Barriers: Missing or Implied Information

After someone has identi ed the various elements of a health data visualization in the rst stage,
a viewer must also recognize if any information is missing that is necessary to effectively read the
graph during later activities with the HDV. A ll-in-the-blank barrier is an umbrella term we used
when some aspect of the data visualization design is implied, unexplicit, abbreviated, or missing
in the HDV that forces the viewer to make an cognitive leap when attempting to make sense of the
information. The barrier occurs due to a mismatch in ability to make the cognitive leap. To make
a cognitive leap caused by a Il-in-the-blank barrier, a viewer must have suf cient graphicacy
and other literacy-based skills draw upon to know what is missing, deduce what should be there,
and hold that implied, invisible information in their working-memory as they continue to interact
with the HDV.

For example, health data visualizations intended to be used by a wider audience, such as
a BMI chart, often have missing personal information that the viewer is supposed to mentally
ll-in-the-blank with their personal data to effectively read it. In this case, viewer-speci ¢ health
information, like someone's weight and height, are used to guide the viewer to their BMI number
in the table.

One kind of ll-in-the-blank barrier is abbreviating content (i.e., Monday = Mon = M).
Abbreviating content often requires the viewer to prior knowledge of cultural or design norms
to accurately interpret and effectively leverage the information presented. Using abbreviations
to simplify the HDV's design is a common design choice in data visualizations, especially those
intended to be seen on small screens (e.g., a smartphone or wearable device). Single letter abbre-

viations caused lI-in-the-blank barriers for some people with Down Syndrome. In the “Daily
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Steps” bar graph, several participants struggled with the “k” abbreviation for kilometers. At rst,
Cameron thought the K meant one thousand; while Jesse thought it was a kilogram. Similarly,
Jordan and Shiloh both struggled to recognize the days of the week when they were abbreviated
to a single letter (i.e., SSMTWRF). In these examples, the abbreviation forced viewers to use
additional context clues or have pre-existing knowledge to ll-in-the-blank.

Missing information is another kind of ll-in-the-blank barrier. When the missing informa-
tion is related to a health topic that the individual is less familiar with, health data viewers with
Down Syndrome may struggle to recognize that effective interaction with visualizations rst re-
quires information that may not be visible. When a ll-in-the-blank barrier occurs due to missing
information, the viewer must rst recognize the absence of crucial information before they can
connect the components of the graph together. For example, someone viewing the “Body Fat
for Men” table needs to know three key pieces of personal health information: their biological
sex, age in years, and—crucially—their body fat percentage. If a viewer does not realize that
additional information is needed to actually read a HDV, they will struggle to use it during later
stage activities, like using the data as a health management decision-making tool.

Gaps in prior knowledge can also lead to ll-in-the-blank barriers. None of the participants
recognized that they needed to know their speci ¢ body fat percentage to read the chart and nd
out where they fell across the four categories. This may have occurred because the participants
were less familiar with “body fat” beyond an association with their weight or anatomy. Their lack
of speci ¢ medical jargon appeared to make the numbers and topic more abstract and ambiguous.
When this occurred, participants attempted to ll-in-the-blank by drawing upon their personal
health literacy and knowledge. For example, Cameron interpreted these numbers as being related

to “the scale ... the different numbers of wei—of weight.” Darcy viewed the values as “the
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number of pounds of your body fat” rather than the percentage. In these examples, personal
health knowledge in uenced and revised their mental models about the data being presented,
which caused conceptual mismatches in later data visualization reading phases.

Some ll-in-the-blank barriers also occurred due to known numeracy issues (described in
5.4.0.2) as people with Down Syndrome can struggle visualizing a "mental number line” [89].
There were two common numeracy-based design causes for llI-in-the-blank barriers in this
study's HDVs: number ranges and intervals. The use of humber ranges and numerical incre-
ments on the X and Y-axes caused confusion for multiple participants due to the invisible number
lines implied by these commonly used graph design choices. Both number ranges and intervals
require the HDV viewer to be able to mentally imagine an invisible number line. For example,
"18-25" is a number range that abbreviates the full number line of 18, 19, 20, 21, 22, 23, 24, 25.
The numeracy convention of using an em-dash is intended to imply the invisible numbers in be-
tween 18 and 25. In the Body Fat for Men table, both Jordan (16) and Cameron (17) recognized
that their ages were not visible. The age brackets began at the 18-20 range in the y-axis. Because
this data visualization procedure was not explicitly stated, some readers may likewise struggle to
nd where they would fall within a number range. Secondly, number intervals similarly employ
abbreviations to imply the invisible number line in a graph's x- and y- axes. The number interval
on the axis of 0, 5, 10, 15 indicate that the visual spaces in between intervals (i.e., the 0, 1, 2, 3,
4, and 5 are implied as existing between the rst and second line).

Invisible number lines may be particularly frustrating when rst reading an HDV because
of the interaction between numeracy skills and working memory. Both numeracy and working
memory are integral to a person’s ability to: 1) mentally imagine the number line being described,
2) determine if their age is within the number line or not, 3) perform these two steps until a match
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occurs, 4) mentally associate their personal invisible age to the appropriate design element, and
5) continue to hold that now invisible numerical information-design element association in their
working memory to draw upon as they continue to interact and reason with the HDV. As the
numeracy skills of people with Down Syndrome may lag an average two years behind their print
literacy skills and they may also experience attention or working memory issues in their daily
lives [29, 41], these kind of health data visualization numeracy-based Il-in-the-blank barriers
can be especially challenging to overcome.

When some participants encountered unknown content (i.e., unfamiliar words or were un-
certain how to progress in their task), several reacted by ignoring the unfamiliar content entirely.
One example of this was when participants did not know the word “macronutrient.” Rather than
using their preferred information-seeking method or asking its meaning, multiple participants
ignored this keyword altogether. The additional information-seeking task appeared to increase
their mental effort whilst they were already progressing through their identi cation stage tasks.
Unfortunately, this avoidant behavior led to later problems as text or numbers that were ignored

often remained unconnected with other information in the second and third stages.

5.4.0.3 Information Encoding Barriers when Interpreting Relationships between
Elements

Most participants encountered encoding barriers when they were making connections between
the various HDV design elements and other relationships between the data. Appropriately lay-
ering encoding is critical to the successful interpretation of visual metaphors. The two most

successful HDVs were the stacked bar graph (95%) and the scatterplot (100%). The icons in
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these visualizations appeared to be the most easily connected because of the redundant encoding
between the graph elements that resulted in the bundled channels which better supported people
with Down Syndrome's graph reading abilities.

The scatterplot's use of pictures of familiar foods and drinks with text labels next to the
image made it easier to understand the abstract data through concrete examples. Furthermore,
the data itself reinforced participant's understanding of and familiarity with nutrition. This com-
bination supported their ability to more easily categorize, group, and generalize about the data
more so than any other HDV. The stacked bar chart similarly used familiar icons with labels in
close proximity in a prominent location (i.e., directly underneath the large title). Even though the
graph used layered color-encoding (i.e., status and categorical), the color icons were more clearly
connected when they were superimposed atop the larger, colored rectangle (e.g., the green lettuce
icon in the center of the green rectangle of a stacked bar).

Transposing content can also interfere with accurate encoding. Half of the participants
verbalized a preference against vertical text, which was unnecessarily dif cult to read as several
had to physically turn their head sideways. Both line graphs required participants to read dates
and times where the text was vertically transposed. This was made more complex because both
graphs had repeating values that resulted in blocks of text. For example, in the rst line graph the
X-axis was a date separated in weekly increments. The dual y-axis line graph the x-axis recorded
timestamps of activity intensity at 30-second intervals. The transposed text at intervals appeared
to increase cognitive load because participants had to compare values in the graph area against
the y- and then against the x-axis which required ne-detail level comparisons to notice the
differences. Several participants instead opted to respond more generally by saying the month,
which was the easiest to read while also scanning and comparing the information.

143



Transposing can also break visual metaphors when using icons or images. The vertical
orientation of the bars in the second graph triggered an encoding error of the step metaphor
for some participants. “l see that the steps from up here, your walking down the stairs and
then from Monday, you're going up the stairs, and Sunday you're coming back down” [Darcy].

In this example, we can see how design choices mimicked a real-life activity (i.e., walking up
and down stairs). The different heights of the tops of individual bars were reinforced by both
the title text steps and the shoe icons. As the word steps is also a synonym for stairs, we can
see how orientation of data can affect the understanding of visual metaphors. Because of this, a
participant's mental model of a HDV can shift from total number of steps taken across a horizontal
distance to the number of vertical steps upstairs. In this way, we can see how design choices
that force viewers with Down Syndrome to transpose data can affect their encoding of visual
metaphors.

While we found that icons and images can support participant understanding, the selection
of appropriate design elements that successfully reinforce the visual metaphor is critical. One
reason the stacked bar chart was the highest performing HDV is perhaps because it used multiple
levels of redundant encoding to more tightly bundle graph elements during interpretation. Its
success suggests that unused visual properties should be used to redundantly encode the main
data dimensions because bundling channels of the same information has been found to support
faster, more accurate, and ef cient meaning acquisition ( [296], pg. 179). Bundling data visu-
alization channels with appropriate graph type and information orientation can make or break
visual metaphors. These ndings suggest that designing layered encoding in HDVs must be done
with careful consideration. As such, future HDV design features should clearly and explicitly call
attention to these design choices and de ne the intended meaning between elements to ensure the
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accurate understanding of the visual metaphor.

5.4.0.4 Connection Barriers while Constructing Meaning and Synthesizing Un-
derstanding

Participants struggled the most during the nal stage because of unsupported inference-making.
While we saw that people with Down Syndrome are visually strong, synthesizing meaning from
connections made about observed relationships both within and outside of the HDV can be dif -
cult. For example, Skyler was confused when they encountered a bar with a shoe icon cut in half
at the top in the Daily Steps HDV. The shoe icon was cut off to indicate a partial value. However,
there was no visual indication of what a partial values means. In other words, the appropriate
way to interpret the half shoe was implied, rather than made explicit. This impacted Skyler's
ability to accurately connect the icon with the intended meaning. “What does the shoes mean,
though? One of the shoes was cut off, but | could still see it.” When participants were uncertain
how everything was connected, they were unable to deduce the underlying takeaway of the data
being visualized. Without interpretive supports integrated into the HDV, people like Skyler may
encounter similar conceptual mismatches that can affect their ability to fully engage with their
health information.

Feelings of uncertainty caused by barriers or misunderstandings in the two previous stages
appeared to diminish participant self-ef cacy in their graphicacy abilities particularly in this third
stage. When inference-making was not supported, participants often relied upon existing knowl-
edge and skills that they felt more con dent with employing. Instead, several participants drew

upon what they already knew about health, nutrition, and exercise science when they felt un-
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certain what something meant or what information should be connected together. As a result,
participant con dence in more familiar health literacy skills versus those where they had poor

self-ef cacy (i.e., graphicacy skills) caused several people to inaccurately update their mental
model and understanding of the HDV.

Although knowledge is constantly informing people's interpretation and the subsequent
inferences that they make, pre-existing knowledge related to the HDV topic plays a more signif-
icant role when people attempt to read beyond a visualization. Drawing upon outside sources of
information to synthesize and contextualize the graph's data within the viewer's understanding is
at the heart of the third graph engagement stage. Several participants tried to retro t their cur-
rent mental models of the HDVs to match their pre-existing health knowledge regardless of the
goodness of the t or not when they did not know how to make inferences. Including information
present to support inference-making in the HDV is not enough. The design of future HDVs need
to explicitly support the inference-making process of people with Down Syndrome. This could
be done by features designed to reduce the procedural uncertainty and ambiguity about the rela-
tionships between HDV elements (e.g., a guided walk-through). Inference-making supports like
this may also help viewers with Down Syndrome to connect information with external knowledge
to leverage greater insights into the data.

Another reason why inference-making may be dif cult during this stage is that health data
visualizations in particular are intended to be used as part of an informed decision-making process
that is driven by questions. Itis through question generation that graphicacy tasks are contextual-
ized, HDV reading goals are created, and appropriate outside knowledge schemas can be drawn
upon as viewers make inferences. When questions are not an integrated part of the HDV reading

process, knowing what types of inferences are relevant to their task goals becomes more unclear.
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While we did investigate the kinds of questions participants ask when reading graphs, our nd-
ings suggest that future HDV features could better support question generation. For example,
providing a bank of relevant questions that would guide viewers throughout the reading process
would tie interpretation and inferences to that question's goal (e.g., Am | getting enough protein
this week? Am | walking enough each day?). Furthermore, question generation could allow for
more of a narrative interpretation about the data and provide relevant takeaways as the viewer
is guided through each stage. As past work has suggested that storytelling can be bene cial to
data visualization, question-driven storytelling may provide greater opportunities for insight with
HDV viewers with Down Syndrome in the nal stage of graph reading. Integrating step-by-step
graphicacy educational supports, like guided walk-throughs, could bene t people who may not
know or be able to recall (i.e., inadequate education or lapsed graphicacy skills) what next steps
to take when interpreting visualized information.

One way to address the myriad task-based barriers discussed in this section is to provide
procedural supports to viewers with Down Syndrome. Future health systems could include a fea-
ture that visually models graph reading procedures in a sequential manner. The step-by-step walk-
throughs could provide procedure supports and structure to the graph reading process, which the
variety of saliency between participants indicate they could benet from. Set by the pace of
the viewer, this gradual approach to information acquisition may support the mental model con-
struction process by of oading the cognitive effort required during unstructured graph reading.
Furthermore, asset-driven guided walk-throughs could leverage their strengths as learners and
provide support for any population weaknesses (see 2.1).

For example, highlighting content step-by-step and explaining what it means plays to their
visuospatial strengths and preferences towards behavioral modeling, guides their attention to aid
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focus, supports encoding of meaning to ensure more accurate understanding. It also reduces
information into smaller chunks that slowly build upon each other support working memory dif-
ferences. The explicit meaning mapping between HDV elements and design choices, including
providing additional health information, like de nitions or health literacy explanations, can re-
duce task-shifting from the HDV to information-seeking activities outside of the HDV. This com-
bination of asset-driven supports that a guided walk-through feature could provide would also
be in line with past work [24], which showed improvements short and working memory de cits.
With more short-term and working-memory freed up, viewers with Down Syndrome may be able
to more deeply engage with visualized health information. Although interactive guided walk-
throughs may be supported by some of this study's ndings as well as various strengths and
weaknesses of learners with Down Syndrome (see ?7?), any proposed HDV feature ultimately
requires a future participatory co-design study with and critical evaluation by people with Down

Syndrome, which we will explore in future work.
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Task-Based Barriers to Effective Inference-Making

Table 5.8: Task-Based Batrriers to Effective Inference-making: Dif culty, Complexity, & Ambi-

guity Increase Over Time

Inference Barriers Caused
By Reading Task Aspect

Reading Reading
the Health Between the
Data Health Data

Reading
Beyond the
Health Data

Types of
Information

More Familiar Less Familiar

More Unfamiliar

Level of Information

Abstraction Lowest Increasing High
Number of Steps in

HDV Tasks Least More Most
Familiarity of Task More Familiar Less Familiar More Unfamiliar
Procedures

Ambiguity of Task More Clear Less Clear More Unclear
Procedures

Problem-Solving and . .

Abstract Reasoning Simple Intermediate Complex
Information Type Stored More Explicit Fewer Explicit More Implicit
in Working Memory* than Implicit  than Implicit than Explicit
Working Memory Fewer More Most
Storage Capacity

Cognitive

Flexibility Least More Most
Overall Cognitive Lowest Increasing Highest
Load

Result: Inference-making ability

increasingly hindered

*Explicit = Information Represented in HDV,
Implicit = Information Represented Solely in the mind,;

Increases to graphicacy task dif culty and complexity appeared to impact participants' perfor-
mance in the later stages. The progressive dif culty of key aspects of graphicacy tasks may
signal why we observed performance drops in each phase of falling from 79.3% (reading) to

53.6% (reading between) to 37.9% (reading beyond) in their overall mean success rate.
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Table 5.8 outlines how various aspects required to successfully make sense of a HDV in-
creased in complexity, dif culty, and ambiguity over time. Furthermore, where the information
was primarily located (i.e., in the HDV vs. stored in short-term memory) also shifted as later
stages, which further taxed working memory information capacity limits. These changes simi-
larly demanded a greater level of cognitive exibility (i.e., the ability to adapt their understanding
and mental model of the HDV as new or unexpected information or events occur during reading
tasks).

All of these elements increased the overall dif culty of graph reading tasks as they became
more complex, unfamiliar, and ambiguous. As a result, our ndings suggest that the participant
performance decreased as the demands to their cognitive load increased, which adversely im-
pacted their ability to effectively making inferences and construct meaning from the visualized
health information. Below we discuss how the combination of the various HDV reading aspects
adversely impacted people with Down Syndrome's inference-making abilities.

In the earliest “reading the data” stage, participants rst encountered familiar types of infor-
mation (i.e., words, numbers, colors, shapes, dates, images). These were easy to recognize, read,
and identify. As participants noticed the composition and identi ed component parts of the HDV,
there was a lower level of information abstraction as most of the information did not have to be
transformed in any way. By comparing and connecting familiar data, the acts of encoding mean-
ing across and between data and HDV elements abstracted the initially familiar information into
groups and high-level types, associations, and meanings. Data that visually grouped by the color
are encoded to be interpreted as warning or danger is more abstract than the color of an individual
data point. As information abstraction transformed (e.g., visual metaphors, encoding meaning,
performing calculations) and synthesized (e.g., by drawing upon between information and from
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outside information sources) during the nal stages for inference-making, the information that
someone engages with to extract insights from is no longer as familiar and concrete.

The number of steps during stage-speci c tasks also increased. First stage tasks were to
visually recognize elements and identify those elements as component parts (e.g., title, x-axis
label, y-axis value). These task steps were minimal and simple compared to tasks like trend
identi cation where individuals had to compare across the entire visualized data and make an
informed judgment about the overall HDV. When making inferences in the nal stage, the number
of task steps increases further as the individual may have to perform additional information-
seeking or question generation tasks in parallel to their overall graph reading tasks. As a result,
the level of attention required can increase as well.

The uncertainty and ambiguity of such tasks became more dif cult for many participants.
Several individuals were uncertain with how they should go about making judgments and infer-
ences about the presented data (i.e., what steps to take, what information is required and when
should it be used). This, in turn, made leveraging that data dif cult to do in the last engagement-
focused stage when they were reading not only the HDV but relating it to their experiences or to
any parallel information-seeking tasks they had to conduct (e.g., looking up an unfamiliar term
or nding personal health information that was needed to make sense of the data).

The variety of problem-solving and abstract reasoning skills similarly grew as the stages
progressed. For example, in the rst stage one problem needing solving was when data visualiza-
tions had unfamiliar words. This abbreviation demands a speci ¢ level of number sense ability.
As the stages progressed, viewers had to draw upon a wider range of strategies to tease apart
information and construct meaning.

Visualization readers have to be able to recognize and shift between multiple types of differ-
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ent information. As we described in section 5.3.0.2, participants demonstrated a variety of ability
to easily recognize differences across the types of information that makes up a HDV. Comparing
differences can also demonstrate an individual's cognitive exibility abilities. Cognitive exibil-

ity is necessary during attentional processes, such as set shifting and task switching [71]. The
ability to shift one's attention during various tasks and sets of value qualities are critical skills as
individuals constantly shift their attention during each stage and across all three stages of HDV
interaction.

The typical ll-in-the-blank design choices (detailed in 5.4.0.2) further taxed participants'
cognitive load by requiring them to hold explicit and calculated information in their working
memory. Another increase to graph reading dif culty and complexity was the shifting proportion
of explicit (i.e., visually represented in the HDV; not stored in short-term memory) to implicit
(e.g, calculated information or inferences they had made) information. In other words, the sources
of information progressively moved from inside the data representation to being, at least in part,
held in working memory (i.e., invisible).

When information was missing, implied, ignored, or misinterpreted, the mental effort and
cognitive exibility required during HDV tasks increased even more. If a misunderstanding oc-
curred in the early stages, some participants struggled to recognize that a mistake was even made
or did not revise their earlier understanding. Rather, our participants re- tted their understanding
to knowledge they were more con dent with when they were uncertain how to appropriately use
or engage with the information presented in the HDV. As a result, the information storage require-
ments likewise increased as individuals had to hold a greater number of pieces of information in
their working memory as they moved through the latter stages. In other words, an increasing

proportion of information items were stored solely in the viewer's mind and had to be recalled
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throughout graphicacy tasks rather than distributed as part of the HDV to be recognized.

When all of these elements are considered together, it becomes evident that as each stage
progresses there is an increase to the overall mental effort (i.e., increased participant cognitive
load and the greater level of cognitive exibility). Mental effort became taxing when participants
had to hold too many pieces of increasingly abstract information and relationships about that
information at the same time. The simultaneous juggling of too much information exceeded their
known working memory limits [55, 133]. Mental effort also increased when participants had to
adapt to missing information, unfamiliar or ambiguous procedures, and had to use more problem-
solving skills of increasing abstraction of the visualized information during information synthesis

tasks.
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5.4.0.5 Improving Health Data Visualizations for Viewers with Down Syn-

drome: Implications for Design & Graphicacy Education

Table 5.9: Health Data Visualization Design Suggestions and Potential Strategies (1 of 2)

Design Suggestion Potential Strategies

How to Read the HDV: For viewers who are uncertain how to read the
HDV, easily accessible video content can demonstrate how to read the
speci ¢ HDV for people who don't want to do guided walk-throughs.
Background Information: Brief videos that provide important health
information.

Viewer Controlled Personalization: To address differences among
individual comprehension needs and preferences, let viewers toggle
the visibility and the type of HDV presentation features.

information.

To reduce the need for viewers to perform parallel information seeking
activities when they don't know something, consider explaining:
Include de nitions Health Terms: Include de nitions of health terms in plain language
and background (e.g., “What's this word mean?”) with images that support text com-
knowledge prehension.

Long words: Break up long words into syllables (e.g., Mac-ro-nu-tri-
ent) with an audio link for pronunciation.

Abstract Language Preference: Use token rather than type-oriented
language that is speci ¢ and concrete instead of abstract concepts (e.qg.,
replace the type language in "This Week's Activity” with the more
speci ¢ token language of "All the Steps You Ran or Walked This
Week”).

Abbreviations: If required, include more than one letter to make
recognition of abbreviation easier (e.g., Saturday = “Sat” not “S”).

Integrate training
features

Incorporate  per-
sonalization
features

Be specic and
concrete when
describing abstract
concepts

Avoid design deci-
sions that omit in-
formation

Avoid intervals
that require view-

ers to perform
calculations Interval speci cs can be viewed when data point is selected or high-

lighted by guided walk-throughs (e.g., a yout highlighting that 1 is
the week of July 11th, 2023)
Support early Step-by-step guided walk-through: Highlight relationships between

graph element elements and between data with brief explanations (i.e., While high-
identi cation lighting the title element — “The title for this graph is Daily Steps. This
procedures graph shows how many steps you took every day.”).
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Table 5.10: Health Data Visualization Design Suggestions and Potential Strategies (2 of 2)

Design Suggestion Potential Strategies

Visual Metaphors: Consider how orientation can either reinforce or
create confusion when other design features are working to create vi-
sual metaphors (i.e., using horizontal line graphs for step distance, ver-
tical bars for total stairs).
Vertical type may be unnecessarily dif cult to read. Consider design
alternatives like the example in Avoid Intervals above.
Be explicit with encoded information and de ne the intended meaning
and how the design elements work together so viewers know what
everything means.
Layer encoding to Icons: After de ning what the icon means and where it appears on the
reinforce  visual HDV, include additional information if partial icons represent partial
metaphors values.
Color: If color is used to indicate information, such as grouping or sta-
tus, explicitly explain what the color means and highlight each block
of color to draw attention to them.
Visually connect Step-by-step guided walk-through: Features that highlight and pro-
elements for more vide brief takeaways to support the comparison between data points
accurate mapping and connection of HDV elements together (e.g., “You took 123 more
of info steps during the week of July 25th than the previous week!”).
Incorporate Inference-making into Walkthroughs: Integrate take-
aways (informed by graph reading task goal) into step-by-step walk-
throughs to better support comprehension.
“What are you trying to do?” or “What do you want to know?”
Support Ques- Include a bank of the top kinds of questions someone may ask about
tion  Generation the HDV for viewers to choose from. These questions can guide read-
Abilities ing and interpretation process walkthrough speci c to the goal of se-
lected question.

Carefully con-
sider transposing
content

Support Inference-
Making Abilities

The myriad design-based barriers (5.4 summarized in table 5.7) and task-based barriers (5.4.0.4
summarized in table 5.8) have several implications for the design of future data visualizations
in health systems. This section proposes 12 HDV design suggestion heuristics, possible accessi-
bility strategies, and potential features that may better support the abilities of HDV viewers with
Down Syndrome. Tables 5.9 and 5.10 synthesized our study's key takeaways from the results and

discussion sections into 12 design suggestions with potential strategies that future HDV designers
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might consider employing. Using a combination of these strategies may improve the accessibility
of HDVs for people with Down Syndrome.

As with any preliminary work, these suggestions should be carefully considered. For exam-
ple, although the design suggestion of toggling features may help balance an HDV's potentially
distracting visual clutter, such a feature could impact a viewer with Down Syndrome's under-
standing of how to interact with the HDV. Just like the guided walk-through, any initial design
suggestions require future critical evaluation. For the best results, the accessibility and usability
of any resulting HDV should be evaluated by individuals with Down Syndrome prior to imple-

mentation.

5.4.0.6 Implications for Educators

As most mathematics literature for this populations orients around developing critical real-world
numeracy skills, other skills that are becoming increasingly necessary in society, like reading data
visualizations, have been overlooked. This study takes preliminary steps in better understanding
the health data visualization literacy skills of individuals with Down Syndrome. While this study
may have implications for educators, these are suggested starting points that should be taken
with a grain of salt given the qualitative nature of this study's format and small sample size. We
broadly describe some approaches educators could take when looking to develop the graphicacy
skills of students with Down Syndrome.

During lessons, one way to engage students with Down Syndrome or other IDDs is to play
to their strengths as learners. As people with Down Syndrome have strong visual awareness,

bene t from behavior modeling, are great kinesthetic learners, and have an active limbic system,
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graphicacy skill development could be improved by making data activities be embodied experi-
ences, more socially engaging, and emotionally evocative to facilitate the transition of graphicacy
skills from the classroom into long-term memory. It may be valuable to use some of the identi-
ed barriers (summarized in Table 5.7) during lesson planning, so students with Down Syndrome
can co-develop personalized graphicacy strategies when they encounter any of data visualization
barriers described.

The interview questions detailed in the appendix (B.1) may be useful starting points when
initially evaluating the graphicacy skills of students with Down Syndrome. For example, asking
them to describe data visualizations can provide insights into what they are rst drawn to, may in-
dicate what underlying literacy skills they are stronger or weaker in, what they think is important
and relevant within the data visualization, and how they orient themselves within the various el-
ements. ldeally, with graph-type speci c training, this method of describing graphs may become
more effective and standardized, indicating the transition of graphicacy skills from classroom
activities into long-term memory. Evaluation of graphicacy skill development could also include
asking speci ¢ questions looking for speci ¢ values, like identifying extremes. Asking students
what kinds of differences they see can indicate their underlying pattern- nding strengths and help
elucidate their comparative abilities to notice when data is similar or not. This may be helpful
if students need help mapping abstract mathematics "type” language to visual elements (e.g.,
mapping descriptive superlatives like most to the largest values in the data visualization). Using
speci ¢, concrete token-based language to describe abstract mathematics language and concepts
may also support this mapping according to some students with Down Syndrome's type-token

distinction preference.
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Limitations

Our study has several limitations. The study sample was relatively small. Historically, recruiting
people with disabilities for human-computer interaction research is dif cult [154]. Because of
this, it is generally considered acceptable for studies involving people with disabilities to have
smaller sample sizes only if the participant pool meets all the study's inclusion criteria [154],
which all our participants did. Our participants also skewed young ( 22.3 mean age). Further-
more, our participants resided in countries that are part of the Global North (i.e., USA and Aus-
tralia). Meaning this study reports upon the experiences of people living in Western, Educated,
Industrialized, Rich, and Democratic (WEIRD) nations. As such, this study's ndings may not
necessarily be representative of the experiences of children or older adults with Down Syndrome
or of those who live in countries that are in the Global South or nations that are not "WEIRD.”
Additionally, the quantitative numbers in performance tables should be interpreted with
caution. The performance metrics in tables 2 through 5 were descriptive in nature. Given the
gualitative nature of our study and the small sample size, the data do not suggest statistical sig-
ni cance. The order of interview questions may also have impacted these metrics. However, the
table content still carries valuable information related to the level of dif culty of each reading
task and may provide useful background for future studies of HDVs involving people with Down

Syndrome.

Future Work

There are several additional avenues of future work that we intend to pursue. We will validate

this study's ndings via a nation-wide survey with a substantially larger sample size that will

159



support statistical inference. This survey will also allow us to investigate initial outliers, such as
the sudden performance drop that occurred in trend identi cation during the second stage. We
also will explore how to better support people with Down Syndrome as they generate questions
during the three stages of HDV interaction. We will investigate the potential of the proposed
future design strategies through a co-design study with participants who have Down Syndrome to
better understand how to balance population-speci ¢ accessibility features with HDV readability.
Future eye tracking usability studies will both complement these ndings by investigating how
participants read HDVs in authentic settings and validate (or refute) the effectiveness of any
resulting prototype from the co-design study.

Although this paper has described how health data visualizations could be improved for
individuals with Down Syndrome, other populations within the IDD umbrella, who share similar
characteristics to their cognitive pro le, abilities, learning strengths or weaknesses, or education
of the requisite underlying literacies needed to effectively interact with health data visualiza-
tions, may likewise bene t from some of this study's ndings. However, given the high vari-
ability across individuals within the equally diverse populations classi ed as IDDs (e.g., Fragile
X, Autism, Fetal Alcohol Spectrum Disorder, Cerebral Palsy, individuals with a brain injury,
Phenylketonuria, or congenital hypothyroidism, etc.), future population-speci ¢ work is needed

to better understand the potential generalizability of these ndings to other such groups.

5.5 Conclusion

The rst of its kind, this study reported on the underlying graph reading skills of people with

Down Syndrome as they made sense of six health data visualizations. We investigated these
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skills to identify future accessible HDV design opportunities that may better support the ability
of individuals with Down Syndrome as they construct their understanding of the visualized health
information. Using accessible interview techniques, we were able to capture rich qualitative data
in our exploratory study. We employed grounded theory to analyze nearly 700 direct participant
guotes from our semi-structured interviews with ten young adults who have Down Syndrome. In
doing so, we teased apart the various unique abilities, strengths, and Down Syndrome-speci c
opportunities for data visualization accessibility design considerations within a health context.

Our ndings suggested that people with Down Syndrome have comparatively strong visu-
ospatial graph reading skills and they can understand abstract information and visualized data.
This was demonstrated by their initial saliency tasks (i.e., the width and breadth of observations
made in 5.3.0.1) and early reading stage identi cation tasks (5.3.0.1). However, performance
appeared to diminish when the graph reading tasks increased in complexity and ambiguity when
participants were reading between and beyond health data. In other words, the various design-
based barriers made making insights dif cult to do. This appeared to occur when participants
had to hold too much explicit, implied, and inferred information about both the relationships be-
tween the graph elements and within the visualized data in their working memory, which past
work has noted its limits. Future health data visualization design features that better support their
inference-making abilities and of oad cognitive-intensive tasks would be bene cial in the later
connection and knowledge synthesis phases as people with Down Syndrome interpret and engage
more deeply with health data.

This work contributes several design considerations to better support People with Down
Syndrome as they interact with health data visualizations. Furthermore, future accessibility fea-

tures that minimize the cognitive effort required to interact with HDVs may be bene cial not
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only to people with Down Syndrome but potentially also to the millions of people who similarly
struggle with the requisite numeracy, data, and health literacy-based skills and knowledge that
is necessary to more deeply engage with their health data. It is our hope that the accessibility
improvements to the design of health data visualizations may better support people with Down
Syndrome's ability to more actively participate in the decision-making process and to better ad-

vocate for themselves in healthcare settings.
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Chapter 6: Sense-Making and the Unraveling of In uential Factors to the
Graphicacy Skills of Adults and Older Adolescents with DS: A

Co-design Workshop Series

6.1 Transition between Studies

The nal study is a trio of co-design workshops. The ultimate goal of these workshops is to con-
tinue the iterative development and understanding of the graphicacy skills of participants with
DS, as any resulting visual and interactive design strategies uncovered during the Development
stage needed to align with their HDV literacy skills through the graph reading process. Curcio's
three graph reading stages involved: 1) reading the data, 2) reading between the data, and 3)
reading beyond the data [69]. The rst stage involved participants identifying the HDV elements.
In the second, participants observed the relationships between graph elements, and the third stage
connected this information to broader health knowledge and any prior graphicacy knowledge. Al-
though a majority ( 79%) of the De ne stage study participants successfully answered the Stage
1 questions, performance continued to decline in the second ( 53%) and in the third ( 38%)
graph reading stages.

The De ne study posited that two barrier types caused the progressive decline in perfor-

mance: design-based (e.g., visual design, information structure) and interaction-based barriers.
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The data suggested that these barriers hindered the inference-making abilities of people with DS
by directly impacting the accuracy of the participants’ schema and mental models. Whenever a
barrier triggered a misunderstanding that led to an error, the error was often left unrecognized and
more critically left uncorrected. The effects of such errors worsened over time as they progressed
and the analytic tasks became more dif cult, ambiguous, and cognitively taxing.

Prior to this study, both of these barrier types were further re ected upon as there remained
several unclear implications and outstanding questions related to the effective UX/UI design of
HDVs: when and where were these mismatches occurring as the participants were making and
updating their schemas and mental models? In preparation for this study, a secondary review
of the information from Study 2 suggested the occurrence of inference-making errors during the
various sense-making (e.g., attention, perception, memory, language, and executive functions)
processes during graph reading tasks. As a result, this study sought to better understand partici-
pants' sense-making barriers, factors that in uenced mental associations (i.e., issues with encod-
ing process), error recognition and revision barriers (i.e,. metacognition). Such associations went
on to adversely impact the inference-making abilities as participants constructed, revised, and
used their schemas and mental models during their stage-speci ¢ graphicacy task-based analysis
for each graph type.

Information processing was also reviewed. Some participants had pre-existing data visu-
alization schemas from prior graph education for speci ¢ graph types (i.e., used top-down infor-
mation processing) that they were able to draw upon for many of the HDV stage-speci c tasks.
Most, however, used a bottom-up approach to information processing. In bottom-up processing,
the graph viewer begins by taking in sensory input from the data visualization (i.e., stage one:
reading the graph to identify key elements). Across the second and third graph reading activi-

164



ties, the viewer gradually creates, revises, and continually updates both their schema and mental
model of the HDV as they go back and forth between the various graph reading stages. This
nding suggested that this study's diverging ideas should orient around potential accessibility

supports.

6.2 Introduction

To uncover what these potential cognitive accessibility supports for HDVSs, this triad of co-design
workshops focused on better understanding the underlying processes and factors that can impact
how people with DS rst make associations, connect ideas, communicate those ideas, use ques-
tions to frame their interpretation, and recognize if/when errors occur to revise their mental model
to be accurate. However, re ecting upon and articulating the various, automatic internal mental
processes and strategies used during interactions with HDVs (i.e., analyzing abstracted informa-
tion to answer a graphicacy task-based question) can be challenging for anyone. This challenge
can be even more signi cant for people with DS, because they experience expressive language
differences as part of their unique linguistic phenotype. To address expressive language differ-
ences, this study took a somewhat indirect approach to navigate around the added dif culty of
articulating abstract cognitive processes. Co-design workshops were an apt t because they could
be customized to play to the strengths of people with DS and keep them engaged throughout the
data collection process.

As such, a series of co-design workshops were developed to uncover the component parts
needed to piece together the mental associations that people with DS made between data, how

they would prefer to learn and communicate what they have learned, and their abilities to use
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generated questions (i.e., graph reading stage-speci ¢ analysis tasks) to effectively frame their
interpretation of HDVSs.

The rst three co-design workshops examined the sense-making and encoding process by
exploring how people with DS compared, sorted, categorized, and made various types of infor-
mation associations about HDVs. The second and third workshop series used different learning
approaches towards different research ends. The second set examined the information scaffolding
strategies and communication approaches that people with DS use when providing step-by-step
directions to teach one another how to do something. It also explored the potential of storytelling
to make abstract information more engaging. Because question generation is an essential part
of framing a viewer's interpretation of the chart or graph during analysis tasks, the nal triad of
workshops investigated the question generation and answer matching skills of participants.

The overarching research question that drives this chapter is:

* What design elements can provide better support to people with DS as they encounter,

explore, and make connections between and beyond visualizations of health data?.

The sections below describe the overall methods used as well as each workshop's speci c goals,
data collection and analysis approaches. Using Re exive Thematic Analysis (RTA), the Analysis
section reports on the various cognitive, social, emotional, social, and contextual factors that
can impact both sense and inference-making during the construction, revision, and correction—
accurate or not—of participants' HDVs mental models as well as the various learning strategies
employed by participants. The subsequent discussion outlines the themes between and across
workshops. This includes a richer, multi-faceted graphicacy pro le of people with DS as they

make sense of, interpreted, and conducted analyses of HDVs. The discussion also teases apart the
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visual design requirements and interactive support features and strategies to be integrated into in

this dissertation's nal study, which evaluated the resulting prototypes from this workshop series.

6.3 Background: Making Information Make Sense

When people encounter unfamiliar, complex, or ambiguous content or situations, they use two
distinct information-processing strategies (i.e., bottom-up and top-down) to construct their initial
perceptions, interpretations, and understanding (i.e., their mental model) [252]. Bottom-up in-
formation processing constructs understanding from the ground up using raw sensory data (e.g.,
visual, auditory, or tactile). The sense-based information or stimuli from the environment, which
is in uenced by an individual's attention, context, and subjective lived experience, is then used
to create the individual's initial perceptions and interpretations, based on what they have learned
from the environment without any preconceptions or guidance.

Conversely, top-down processing uses someone's existing knowledge, beliefs, goals, schemas,
and mental models (i.e., higher-level cognitive processes) to interpret new information [222].
Top-down information processing directly and signi cantly in uences how the brain interprets
sense-based information. By leveraging their existing understandings (i.e., not starting from
scratch every time something new is experienced), the resulting mental models can help to make
sense of and adapt to complex, ambiguous information and new situations by lling in knowledge
gaps, making inferences, predicting potential outcomes, noticing differences, and categorizing
information.

Mental models help to select relevant details, ignore distractions, and guide interpretation,

which are critical when reading HDVs [167]. HDV viewers also use questions during graphicacy
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tasks, in addition to their mental models, to frame interpretation. For example, unexpected or
unfamiliar information can prompt viewers to question their existing understanding and seek
to incorporate the new data into their mental model. However, if the new data contradicts and
cannot be reconciled with the current frame, the individual must engage in re-framing, which
involves adopting a completely new mental model that can account for all available information,
including the anomalous data. However, if frames are relied upon too much or fail to incorporate
new information, someone's perception, interpretation, and understanding can become faulty.
Inference-making, sense-making, and meaning-making are distinct forms of thinking, each
with its own strengths, weaknesses, and goals. Inference-making connects information to make
conclusions, which can be used during task analyses, problem-solving, abstract reasoning, and
decision-making. Its specic, narrow cognitive focus can place signi cant demands on work-
ing memory and reasoning. On the other hand, sense-making uses sense-based observations
to create a coherent picture (i.e., context-speci c frame). Inference occurs within the broader
sense-making process as people construct meaning [300]. Rapid shifts between these various
processes can be fast and intuitive. However, they are also vulnerable when the situation or infor-
mation violates expectations, which may lead to a loss of coherence and misunderstanding. While
inference-making aims to nd the best answer, an acceptable answer in sense-making is one that
does not trigger dissonance in one's understanding of the information, situation, or worldview.
As a result, sense-making is more prone to producing answers that feel correct enough, whereas

inference-making can require adaptations to existing mental models.
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6.3.1 The Impact of Subjective Experiences

The differing goals and vulnerabilities involved in information processing, inference, sense, and
meaning construction illustrate that cognition is not siloed. Thinking and information processing
are not a binary matter of input/output, as earlier theories of cognitive sciences presumed. In-
stead, these processes signal the profound in uence an individual's emotional states can directly
have upon how they experience information (i.e., subjective, qualia). The richness and realness
of an experience are referred to as its qualia. Qualia are the subjective felt experiential aspects
(e.g., the vivid intensity of a red tulip, the tonal warmth of a loved one's voice). Qualia impact
what information is noticed, if itis remembered, and how it can be used by directing where atten-
tion goes (i.e., saliency, cues) and what is retained in memory (i.e., encoding information to be
stored for later use). Emotionally intense experiences are more likely to be encoded and recalled
because the chemicals triggered by affect ood the brain, reinforcing and solidifying the neurons
in which they are stored. This means that individuals who have high emotional sensitivity or
strong social awareness can be particularly in uenced by emotional coherence during learning.
Confusing, unpredictable, or stressful environments can fragment focus and prevent memory for-
mation. However, emotionally predictable experiences can support learning, even when cognitive

capacity is limited.

6.3.1.1 Qualia

Qualia play a key role in someone's subjective experience. Qualia provide the texture and real-
ness of lived experience; they are the intensity, clarity, and emotional tone of what someone sees,

hears, or touches during interaction. When information feels clear, calm, familiar, and, partic-
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ularly for the DS population, has a positive impression, the experience becomes easier to focus
on, remember, and use. However, if the interaction feels stressful, unfamiliar, or overwhelming,
attention and understanding can quickly break down. People with DS are highly sensitive to
negative and even neutral expressions. They also recover from negative, stressful feelings more
slowly. As a result, qualia are quite in uential in determining whether a person feels able to

continue interacting with information.

6.3.1.2 Chunking

Sensory and emotional qualia strongly in uence the chunking process. Chunking is the way a
person organizes (i.e., sorts and groups) information into meaningful, smaller units clustered to-
gether, making them easier to hold in short-term and working memory. This is how the mind
forms associations between things and makes connections. For adults with DS, chunking works
best when the information is clear and predictable. When information feels manageable (i.e.,
pacing, emotional tone, and sensory input), grouping information together becomes more nat-
ural. When the sensory load is too intense or the emotional experience is uncomfortable or
confusing, chunking becomes more dif cult, not because the person lacks the ability to under-
stand, but because the design does not match how they best process information. Meaning, qualia
—the experiential texture and realness of information —and the resulting subjective associations
effectively act like ropes that bind the chunked information, making it more memorable and, thus,
easier to store.

While individual elements of someone's subjective experience can be isolated, they are

still inextricably woven together. These informational weaves are both uid and context-speci c.
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Someone’s subjective experience is what they notice (i.e., sense-based perception: sight, sound,
touch), the information they process (i.e., attention, focus, working memory, cognitive load, pro-
cessing speed), and how they make sense of that information (i.e., choose, compare, and organize
information) ltered through the many interconnected facets that de ne their lived experiences in
the world. Subjective experience includes how they perceive stimuli through multiple senses, how
they sustain attention, how they hold and update information in working memory (e.g., qualia,
chunking), how quickly they can process what is presented, what they already know about some-
thing or how they relate it to something they do know, the way they analyze and synthesize
information to make decisions. As a result, the many multi-faceted aspects of someone's sub-
jective experience blend together, in uencing what information becomes understandable, how

relevant it is to the person, and, ultimately, whether it is memorable.

6.3.2 People with DS and Their Lived Epistemologies

For people with a condition that impacts their executive functioning, this can result in the cre-
ation and updating of less helpful mental models. Executive functions (EF) are higher-order
cognitive processes (e.g., working memory, inhibitory control, and cognitive exibility). These
higher-order cognitive processes involve tasks like planning, attention, disregarding or managing
distractions, and the ability to shift strategies or perspectives when needed, which are essential
for learning new content and for more complex mental tasks (e.g., reasoning, storytelling, and
problem-solving). Conditions that impact EF, like DS, make incorporating new information,
noticing and correcting errors, and revising mental models more dif cult, which is why some

populations may take longer to adapt to new information or circumstances and may bene t from
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more familiar, structured routines.

In addition to differences in EF, people with DS can experience common challenges in
verbal working memory, language comprehension and expression, information processing speed,
and exible thinking. At the same time, many demonstrate strengths in short-term visuospa-
tial memory, visual learning, and procedural (i.e., routine-based) memory. Social motivation
and emotional sensitivity are also frequently observed. Differences in sensory processing—such
as over- or under-responsiveness, especially to sound—and a preference for structured, hands-
on routines are also well documented. These characteristics in uence every stage of informa-
tion processing. Inference-making is especially limited due to weak abstraction, low working
memory, and delayed language. Sense-making may rely more on spatial or emotional cues than
abstract reasoning. Memory often depends on environmental stability, emotional tone, and phys-
ical interaction [133, 134]. As the above does not suggest that individuals with DS process less
information, instead it indicates that they process information differently—through embodied
engagement, contextual sensitivity, and emotional resonance.

For people with DS, their affective experience, social sensitivity, and empathy can intensify
how they feel during the task, whether the situation feels safe and respectful, and the judgments
they make about their environment (e.g., if it is clear and predictable) or the tools they use (e.qg.,
whether they consider an interface is easy to navigate or not). People with DS are particularly
sensitive to and take longer to recover from negative feelings that trigger stress responses. When
stress releases cortisol into the body, cortisol negatively affects working memory. At high levels,
it further impairs their ability to focus, leading to a shift toward automated behaviors and deacti-
vating prefrontal areas of the brain. Chronic or extreme stress can lead to long-term damage and
broader cognitive de cits.
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While many studies describe the neurocognitive phenotypes of people with DS, few have
investigated how they build and revise mental models in real-world settings. Unfortunately, most
existing theories of inference-making and sense-making re ect neurotypical assumptions and
fall short of adequately addressing how emotion, sensory sensitivity, embodiment, and context-
speci ¢, power-laden, unequal environments shape the cognitive processes of people with DS as
they make sense of information or situations. Even rarer are studies that challenge how these
existing phenotypes function within subjective everyday behaviors when a non-de cit lens is
applied. This gap instead signals the need for a new theory that focuses not only on limitations
but also on how individuals with DS use their strengths and available resources to understand

their world.

6.4 Methodology

This study used a qualitative, exploratory co-design methodology. Directly informed by Dis-
ability Justice and CDT, this study grounded itself in the principles of an inclusive co-design
approach, treating people with DS as equal members of the research study as they co-constructed
knowledge related to the underlying processes of HDV meaning-making. As such, the study
was conducted with the underlying epistemological assumption that knowledge is socially and
communicatively constructed.

The research design involved a series of three structured co-design workshops, each tai-
lored to a speci ¢ conceptual focus, aim, research question, and approaches to answer the RQ.
The workshops incorporated a variety of multimodal, expressive activities—including drawing,

acting, storytelling, video-making, and visual-matching games—to scaffold information so partic-
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ipants could express complex ideas using methods that supported their communicative strengths.
In line with best practices, the co-design workshops shared the problem space, goals, and
context with the participants, who are viewed as equals. By intentionally removing hierarchical
relationships and power dynamics, participant expertise is highly valued as experts in their own
lived experiences. The community-informed workshop activities emphasized creativity and play
to deeply engage the fellow co-designers throughout the study. The co-design workshops also

employed more recent design justice principles and approaches to co-design.

Subject Matter Experts (SMES)

Like past studies, all participant-facing materials drew upon the co-developed participant-facing
materials and procedure-speci ¢ guidelines found in Chapter 3. In preparation for the workshop
series, the author consulted two experts in participatory design methods, whose focus is on em-
powering designers who tend to experience the adverse impacts of unbalanced power dynamics
(e.g., children and marginalized or disenfranchised communities).

The rst SME consulted was Dr. Salma Elsayed-Ali, the creator of the Talisman partici-
patory design framework [84], serving as a subject-matter expert. The Talisman approach aligns
with this dissertation's overall inclusive methodological stance. Talisman leverages personal ob-
jects, turning them into design objects that validate their perspectives and distribute power by
fostering equal participation. Talisman is also a good t for this study because it plays to the
visuospatial and experiential learning strengths of people with DS by turning abstract HDV con-
cepts into personal, speci ¢, concrete, accessible, and engaging ideas that emerge directly from

participants' lived experiences. The Talisman framework was speci cally chosen as the main
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method in the rst workshop.

The second SME was De'Vonte Perry, a certi ed Improvaneer director [264], who works
with a nearby DS non-prot organization. Mr. Perry uses improv techniques to encourage
problem-solving, situational adaptability, focus, and creative thinking among individuals with
DS. This community-based approach has been locally harnessed to use play to enhance skill ac-
quisition. This approach aligned with Workshop #2's aims, as play can help surface tacit knowl-
edge, foster creativity, and rebalance power dynamics during participatory design activities [245].
In particular, drama and role-play can further extend these bene ts by encouraging participants
to engage more creatively with future design ideas [33].

The third SME was Dr. Beth Bonsignore, a participatory design researcher with decades of
experience designing and facilitating technology design workshops for youths and young adults.
Dr. Bonsignore has worked extensively with populations who experience the other end of power
dynamics, who may also experience differences in their attention, and who can be distracted
or easily bored, as some people with DS can be at times. In other words, her valuable advice
regarding the initial design of workshop activities helped to inform ways to conduct workshops
that rstintroduced play into research. As a result, the third workshop engaged in play through
games. Game-based learning is particularly helpful during design activities, where underlying
processes and connections can be uncovered without unnecessarily straining participants.

Ultimately, the conversations with these three subject matter experts, along with method-
ological lessons learned from previous studies, informed the rst draft of the co-design workshop

activities. These efforts resulted in the workshop-speci ¢ aims, activities, and research questions.
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Overall Workshop Structure

As previously mentioned, many people with DS learn and process information more easily when
it is visually-oriented, includes a social component, and deeply engages them. Study activities
that work well with these abilities, such as co-design workshops, can be useful for investigat-
ing how to make their interaction with HDVs more accessible and engaging. Every workshop
activity had a speci ¢ purpose and goal. Each activity is oriented around the aspects that make
health data dif cult to understand and how interaction design can make that information easier to
comprehend by designing those experiences together.

To encourage participant engagement throughout the co-design workshop, healthy snacks
and drinks were provided to participants and their SPs (if present). A variety of art materials and
sensory toys were available for participants whenever they wanted to use them to relieve stress
or boredom. Breaks were automatically integrated into the workshop to maintain their energy
levels and engagement. Participants also could (and were encouraged to) request breaks at any
time. Most of the breaks were around 10-15 minutes long for bathroom breaks, getting snacks
and drinks, and a movement activity, which were often mini-dance parties to songs they selected.

Every workshop had three parts: a pre-workshop activity, a breaking-the-ice activity, and
at least one workshop activity. First, participants were asked to complete an asynchronous pre-
workshop activity. These activities included: collecting multiple objects to explore how they
think about and create HDVSs; creating a photo story or video to tell a health-oriented story; and
explaining how to do a healthy activity step-by-step. The third workshop's pre-activity artifact
was a comic that illustrated a health question, their answer, and how they would explain that

answer to a friend.
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There were multiple bene ts to having a pre-workshop activity. First, it allowed the re-
searcher to see how participants complete these workshop-speci ¢ prompts. The pre-workshop
activity helped participants familiarize themselves with and re ect on the topic(s) covered in the
workshops prior to participating. This approach reduced the potential for negative feelings, such
as feeling overwhelmed by performance anxiety when performing on the spot, as they were given
time to create something they could share with their fellow co-designers. In the end, these arti-
facts were recorded and analyzed with the rest of the workshop data, which triangulated the now
richer, more diverse data collected.

The rst day of workshop activity was an ice breaker tailored to that workshop's goals,
intended to encourage co-designers to speak up and engage with their workshop participants as
early as possible. Prior to the icebreaker, the main researcher described the day's agenda (i.e.,
the workshop's goals and the study structure), as well as other essential information (e.g., where
the bathrooms or water fountain are). This was followed by everyone introducing themselves
and answering one health-related question to foster engagement in study activities. Then, the
co-designers shared what they had made during their pre-workshop activity. These early artifacts
were used during the icebreaker activities to help the co-designers get accustomed to sharing
their ideas with a group of potential strangers. Then, the researcher went over the workshop's
next activity.

The various activities developed were grounded in the abilities, interests, and communi-
ties of practice of this stage's co-designers with DS. Some focused on idea or question gener-
ation, while others indirectly explored problems and barriers, or untangled the elements of a
process that is dif cult to express, except by doing. These activities were intended to encourage

the co-designers with DS to deeply engage with the research questions and topics by thinking
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creatively and working collaboratively about the scenarios presented. After each activity, co-
designers shared what they had made with the group. Then everyone involved re ected on the
activity. These activities were vital for brainstorming, identifying scenarios, user goals, needs,
and challenges, and exploring potential visual or interactive design ideas.

To continuously improve the accessibility of co-design workshop activities and facilitate
greater participant engagement, the researcher asked participants at the end of workshops whether
anything could be improved. While a majority of participants' responses were positive, others
provided helpful feedback and potential solutions that addressed researcher- and participant-
identi ed issues. As part of the workshops, the co-design session also included re ection and
sharing activities. However, participants were not always actively engaged in some activity other
than the discussion. Despite the small number of participants during the co-design workshops
(i.e., short waiting times between opportunities to actively engage), several participants appeared
to become under-stimulated or tired (e.g., yawning, increased physical movement) while they
patiently waited for someone else to nish speaking or for their turn to share.

One of the most helpful suggestions occurred after the very rst co-design workshop. When
asked if he felt bored, Wyatt suggested that dget toys might help other participants remain
engaged. The researcher immediately purchased rainbow dget spinners with poppers, additional
sensory toys in different textures, like squeezable stress eggs, chickens, and fruit. Additional
popper toys allowed for repetitive bubble pushing, with calming sounds that were also in the
shape of fruit to reinforce the health information theme even during idle times. These toys were
used in art activities where they were drawn or traced by the artists with DS. All future workshops
included a variety of art supplies, sensory and dget toys, which improved the mood, activity
engagement, and made participants want to stay longer. Additional improvements injected play
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into the planned breaks from the initially intended time (e.g., refreshment, social, movement,
bathroom). The love of music shared by participants during the rst activity inspired breaks to
provide an additional activity: the mini-dance party, where participants would each get a chance
to play DJ and pick a song. Led by the researcher, each participant came up with one dance move
and cycled through all the other moves. The result was an impromptu, choreographed dance
among participants.

While reporting upon the feedback study is set for future work, additional population-
speci ¢ modi cations were also employed, participant-suggested methodological feedback from
the workshops. As mentioned previously, many people with DS also fall across the autism spec-
trum, have conditions that can impact their attention, such as ADHD, or similarly bene t from
sensory engagement. As someone with a different neurodevelopmental condition and sensory-
processing disorder, the researcher leveraged their personal knowledge and lived experience to
create a sensory-friendly portable eye-tracking lab. As a result, participants were offered a vari-
ety of sensory options to customize their eye tracking study session experiences that were both
pragmatic and support-based. For example, many eye tracking studies use headgear or chin rests
to keep participants' heads as still as possible. However, those items can be uncomfortable to
use, particularly for more than a minute at a time. This study used a travel neck pillow that had
a pleasant texture, memory foam with cooling, and was adjustable for comfort. This was worn
backwards and provided a more gentle way to support and maintain an upright head. Adjustable
Velcro foot weights were repurposed as either a means of keeping a rolling chair from moving or
as a light, but weighted sensation draped across their shoulders. Different textured pillows could
be held in their laps to reduce leaning forward or back for better posture, as well as provide them

with something to do with their unused hand (i.e., the one not using a mouse). The workshop toys
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were also available. For individuals who wiggled quite a bit, a silicone mat was placed on the
table. Their hand was outlined and remained there during activities as an alternative for people
who did not like the textures. These were all intended to gently reduce movement and provide
sensory-based reminders to maintain a certain posture while simultaneously reducing stress by
providing a variety of ways participants could self-soothe as needed and however they preferred.
There were three rounds of each workshop. The three rounds of Workshop 1 and the three
rounds of Workshop 2 both had exactly nine participants each, while Workshop three had ten
participants. Each workshop had between two and ve participants. While participants were
allowed to attend all three workshops, they could not attend the same workshop twice. The study
encouraged as much independent participation in study activities as the co-designers with DS
chose to have. This included letting them decide whether a SP is with them, on-site, or absent.
The content below describes the study participants, overall, procedures, and goals for each of the

co-design workshops.

Participants

All of this study's materials and procedures were approved by the Institutional Review Board

(IRB) at the University of Maryland, College Park.

6.4.0.1 Recruitment

Although it is typically dif cult to recruit people with DS, four years of volunteer work with var-
ious local, state, and national DS organizations were helpful when the need to circulate recruit-

ment materials arose. Recruitment for this study employed a multi-pronged strategy designed to
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reach older teens and adults with DS and their families through both digital and community-based
channels. Participants were recruited primarily through word of mouth, snowball sampling, per-
sonal contacts, publicly available listservs, and email networks. In some cases, participants or
professionals within personal networks shared study information through newsletters or online
forums, occasionally adapting the recruitment text to suit the constraints of a particular platform
or audience. Recruitment also occurred during in-person gatherings (e.g., conferences, meetups)
where the researcher wore a t-shirt featuring a brief advertisement and QR code linking to the
study's sign-up form. This approach enabled potential participants to independently obtain study
information without directly engaging with the researcher, thereby offering an accessible, low-

pressure entry point into the study.

6.4.0.2 Inclusion Criteria

To be admitted into the study, participants had to be screened. If they were ineligible, they were
thanked for their time. However, if they met the following inclusion criteria, they were admitted

to the study: be 16 years of age or older, have a DS diagnosis, be able to provide verbal feedback,
use some form of technology in everyday life, and be willing to travel to an in-person workshop
location.

While DS is most commonly associated with having an ID, this study did not collect 1Q
scores. All study participants demonstrated behavioral and communicative skills that indicated
they most likely fell between having a mild ( 85% of diagnoses; lower level of support needed)
to moderate ( 10% of diagnoses) ID. No one showed any behaviors that would suggest having

a severe ( 3 4%) or profound ( 2%) ID, both of which are relatively rare for people with
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DS. This is consistent with the proportion of ID severity within the DS population [192, 219].
Instead, most participants provided full responses, interpreted gestures and emotional cues, and

consistently used language beyond single-word answers or simple gestures [62].

6.4.0.3 Assessing Capacity during Consent

The workshops simultaneously assessed capacity to consent as participants went through the con-
sent/assent content. While this approach was a time-saving measure, the purpose of this approach
was intended to counter the assumption held by many people—that adults with DS cannot consent
for themselves, even if they do not have a legal guardian. The digital consent form hosted on
Qualtrics provided both the directions and criteria when conducting the assessment and complet-
ing the consent/assent form (see Appendix D4).

Participants could either go through this process with the researcher or they could complete
it with a parent or guardian. Whomever was conducting the assessment/consent process would
go through each section of the consent/assent form step by step. Then, participants were asked
speci ¢ questions after each block-speci ¢ section, including information about the conditions
(e.g., study purpose, procedures, potential risks, potential bene ts, voluntary participation, con-
dentiality, compensation, both the researcher's and the IRB's contact information, and a nal
decision form where they could sign and date the form).

Each consent question block had general questions that repeated each time or section-
speci ¢ questions. General questions included: “Did | describe that clearly?” “Do you have
any questions so far?” An example of a section-speci ¢ capacity assessment question was: “De-

scribe the purpose of the study: How would you describe this study to a friend?” Each section
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ended with the “Researcher / Parent / Legal Guardian Capacity Assessment,” which asked: “Was
the participant able to describe the study procedures in the most recent section?”

To demonstrate capacity, the participant had to satisfactorily answer all required capac-
ity assessment questions. If this happened, they would sign and date the consent form, having
demonstrated capacity in accordance with IRB ethical human subjects research requirements. If
not, then another page would appear after they signed and dated the consent form. This follow-up
page only appeared under these conditions. Then, the parent or guardian would have to sign and
date to consent on behalf of the participant.

This meticulous process ensured that participants could ask any questions or clarify any
information to best support their ability to be fully informed about that section's content. While
recorded differently, this is the same process required by the IRB during the consent process: TD
participants can ask the research team any questions they may have about the consent information
before signing. However, it is important to note that adults without conditions that affect their
cognition (or who do not report having one) are automatically assumed to have capacity, while
those who acknowledge such a condition must demonstrate it.

There are myriad ways in which someone might not fully understand the informed consent
information (e.g., the language of the consent form is dif cult to parse, they feel uncomfortable
asking questions if they think the information should be obvious, they do not care about the
particulars). As such, this information was recorded to demonstrate how some participants can
demonstrate capacity The automatic assumption that certain people can or cannot do so is, at
the least, a risky approach towards human subjects research and, at worst, an unethical research
practice that could cause emotional pain to participants and/or reinforce both external, social

stigma as well as deepen any internalized ableism.
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In total, seven of the eleven adults demonstrated the capacity to consent for themselves,
while the remaining four did not. Of the six adults who did not have guardians, four demon-
strated capacity and consented on their own behalf; two did not. Of the ve adults who did have
guardians, three demonstrated capacity and consented for themselves; two did not. While the
two participants who were minors could have also gone through the capacity assessment, the
author opted not to because the teens could not legally consent for themselves, regardless. The
assent form contained the same information as the assessment, plus the consent form, minus the

assessment content and questions.

6.4.0.4 Recording Permissions & Personally Identi able Information (PII)

In addition to recording permissions in the consent/assent forms, prior to recording anything dur-
ing a study, the author also con rmed that everyone was still okay with being recorded. All but
one participant agreed to be recorded in the consent forms. However, that participant's guardian
changed their mind and provided verbal consent to be recorded during the workshops they par-
ticipated in.

As described on the consent/assent forms, the author took several steps (e.g., asking for
permission to record every time, blurring images, etc.) to protect any PII that could be shared
during the recording process. Additional efforts were made to conduct ethical human subjects
research by further protecting PII with this dissertation's hard-to-recruit, vulnerable population.
The DS community and local family groups often spend time working closely together (e.qg.,
word-of-mouth health provider recommendations, tips for navigating the complexities of coor-

dinating health management within dif cult health systems, such as insurance). As a result,
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many in the DS community are closely knit and know each other very well. By providing demo-
graphic information in a table, participants could be identi ed more easily. To protect their PlII,
all demographic information was not tied to a participant's pseudonym, which is reported in the

paragraphs surrounding the participant table 6.1).

6.4.0.5 Demographic Information

There were thirteen total workshop participants: two minors and eleven adults. Of those eleven
adults, ve had legal guardians. Participant ages ranged from 16 to 42, with a mean age of
25.3 years old. All participants lived within a two-hour driving radius of Washington, D.C.,
and were willing to drive to an the in-person workshop. While many of the workshops were held
at an off-campus university building off-campus, a mutually agreed-upon meeting space that was
centrally located to participants’ homes (e.g., a library, event venue, or of ce) was used for those
participants who lived farther away, for their convenience. Eight participants self-identi ed as
girls or women, and the remaining ve self-identi ed as boys. One individual did not identify
with their biological sex.

The study was somewhat diverse in terms of self-reported race, ethnicity, or origin. Two
participants indicated they were either African American or Non-Hispanic Black. One patrtici-
pant was South Asian. Six participants identi ed as Caucasian/White. Four participants reported
having more than 1 race, ethnicity, or origin: Caucasian/Non-Hispanic White, MENA, East and
Southeast Asian, Puerto Rican, Argentinian, and Spanish. All but one participant said they pre-
ferred Apple's OS to that of Windows. A couple of participants reported that they were not lit-

erate, and several more indicated dif culty when reading for several reasons, including learning
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disabilities (e.g., dyslexia).

Table 6.1: Participant Pseudonyms and Technology Use

Pseudonym Frequency Con dence Education SP  Workshop
Asha Severaltimesaday Somewhat Con dent HS Student I 2,3
Dev Several times aday Very Con dent Some College | 3
Evan Severaltimesaday Somewhat Con dent HS Student I 1,2
Flynn Severaltimesaday Very Con dent Some College O,F 1,2
Julian Every day Somewhat Con dent HS Student O,FA 1,2,3
Luz - - - 1,0 1,3

Nico Severaltimesaday Very Con dent Some College | 1,3
Noor - — - I 1,3
Sage Severaltimesaday Very Con dent HS Student O,FA 2,3
Tamar Several timesaday Very Con dent Some College | 1,2,3
Vale Severaltimesaday Somewhat Con dent Some College | 2,3
Wyatt Several timesaday Very Con dent HS Student I 1,2
Zo Every day Very Con dent HS Certi cate | 1,2,3

*SP Involvement Status:| = INDEPENDENT participation; O = Partner ON-SITE only;
F = Partner FACILITATED communication; A = Partner ADDED to participant's answers;

Table 6.1 reports on the frequency of technology use, their con dence when using technol-
ogy, the highest level of education they reached at the time of the workshop series, and the level
of SP involvement. This table shows that 81.2% of participants reported using technology mul-
tiple times a day (i.e., Asha, Devi, Evan, Flynn, Nico, Safe, Tamar, Vale, and Wyatt). Whereas
Julian and Zo reported using it only every day ( 18.8%). Nearly two-thirds ( 63.6%) of partic-
ipants said they were “Very Con dent” in their ability to use technology (i.e., Devi, Flynn, Nico,
Sage, Tamar, Wyatt, and Zo) versus the ( 36.4%) of participants, who were only “Somewhat
Con dent” in their digital skills (i.e., Asha, Evan, Julian, and Vale). Participants either were cur-
rently in high school ( 45.5%—Asha, Evan, Julian, and Sage), had graduated with a high school
certi cate of completion ( 18.2%—Vale and Zo), or took some college classes ( 36.4%—Devi,

Flynn, Nico, and Tamar). Two participants, Luz and Noor, opted not to provide demographic
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information to further protect their privacy. Luz was one of the two participants who took part
in the study independently, despite their SPs being on-site. Nine out of the thirteen participants

took part entirely on their own ( 69.2%); only two participants wanted occasional support.

6.4.0.6 Study Partners (SPs)

SPs participated at varying levels during the interviews. If they were present on-site, they had
to complete a study partner consent form, including permission to record them during study
activities. Those participants who opted to have a SP in same room during interviews could
choose the level of their SP's involvement. The SPs provided support when requested or it was
evident that the participant wanted some, as the SPs were more accustomed to the nuanced way
in which their participant with DS communicated and made sense of information. Examples of
SP involvement included clarifying wording or questions to facilitate the interview process if the
participant was unsure how to answer.

In previous studies, most participants had a SP, either on-site or off-site. However, this
study indicated a shift towards greater levels of independent participation. Even in the handful
of instances when SPs were on-site, they mainly facilitated participation and communication.
Others, however, helped to facilitate the workshop instead. For example, a couple of SPs kept
track of the time so that the workshop could be completed in the allotted time. Another SP led
the Movement and Stretching sessions during the mini-dance party breaks. The initial efforts to
ensure the workshops had enough accessibility supports in place helped participants participate
more independently. Furthermore, both the screening and consent procedures included brief

paragraphs describing how the study intended to collect as much independent data directly from
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the participants as they (i.e., the people with DS) preferred throughout the workshops. These
messages were critical to address any potential power dynamics that could impact the direct

feedback and data collected throughout the workshop series.

6.4.0.7 Compensation

In addition to free healthy snacks and drinks to keep energy up during study activities, participants
with DS were paid $25 Tango gift card for each workshop they completed. At the end of the study,
all participants were compensated for their time and expertise with a Tango gift card valued at the
number of workshops they completed. Participants could also opt out of payment if it impacted
any service they were otherwise entitled to. No one opted out of payment. One participant only
took part in one workshop [Devi $25], nine participants gave feedback in two workshops [Asha,
Evan, Flynn, Luz, Nico, Noor, Sage, Vale, and Wyatt $50], and three participants completed
all the workshops [Julian, Tamar, and Zo $75]. While SPs who were present had to complete a
consent form and give permission to be recorded during study activities, they were not considered

primary sources and were not compensated.

Workshop #1: “Sorting it Out!”

In the previous chapter, participants struggled to make accurate connections within and between
the data as they created, revised, and made sense of their HDV through a mental model. As
different types of associations occurred throughout the continual revision of the participant's
mental model, participants used their schemas (if they had one from prior education), took in

the information, made initial connections, judged the similarity, differences, and sameness of
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the information, made additional associations, and progressively started to escalate the level of
reasoning required.

When examined through the processes of sense- and inference-making, previous partici-
pants initially made associations by using their senses to automatically and unconsciously take in
sensory information. As they explored and interacted with the HDV, they moved from lower-level
executive functions to higher ones. Low-level executive functions include: 1) exhibiting inhibi-
tion control where people manage their thoughts, emotions, and behaviors rather than reacting
impulsively, 2) using working memory to mentally take in, retain, and use information brie y as
they make sense of the visually represented data, and 3) attending to nd and focus on relevant
information whilst ignoring internal or external distractions.

The correct application of lower-level functions is foundational to the later, successful
use of higher-level executive functions, which include organizing information, monitoring any
changes, reasoning, solving problems and while maintaining their cognitive exibility. These
functions come into play as they switch between different HDVs' reading tasks or thoughts re-
lated about them, exercising their ability to accurately adapt their mental model as they take in
new information, as well as to use different perspectives to construct, update, and revise their
understanding throughout the three reading task stages, which became more dif cult, complex,
and ambiguous over time. Tables 5.6 and 5.8 highlight the importance of ensuring accurate as-
sociations throughout their mental models from construction to revision. This previous study
also noted that participants struggled with abstract terms such as same, similar, different, and
superlatives (e.g., greatest, least).

The goal of the rst co-design workshop was to better understand what kinds of associations

the co-design participants would make, how they grouped, sorted, categorized, connected, and
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made associations about information they interacted with. As a result, this workshop's research

guestion was:

W1 RQ: What associative strategies do adults and older adolescents with DS use to
group, sort, categorize, and connect information as they begin to create and update

their mental model for a HDV?

This workshop used a recent, novel participatory design framework during its pre- and day of
workshop activities: Talisman toolkit [85]. The Talisman toolkit encourages the use of pre-
workshop activities, which were also incorporated in the other two workshops. The goals of
the Talisman framework aligned well with the community-driven, human-centered, equity-based

ethos of and approach to this dissertation. These goals included:

1. “Concrete ideas and solutions that relate to participants' and communities' de-

sign questions.”

2. "Design and process knowledge that participants can take back into their com-

munities.”

3. “Greater sense of individual belonging and feelings of being both seen and

heard.”

4. “Increased sense of group cohesion and team-building.”

As this was the rst workshop, for the pre-workshop activity, co-designers were asked to bring
in multiple items they associated with health to be used in the workshop itself. On the day of
the workshop, the facilitator (i.e., the dissertation author) began by telling the participants with
DS that, in addition to the 10-15 minute breaks that were built into the schedule, they could
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also take breaks whenever they wanted. The facilitator also showed them where the bathrooms
were located, which had signs pointing to them, and asked if anyone had any allergies so that
snacks provided could be removed if necessary. No participants were allergic to any of the items
provided in any of the workshops.

Drawing materials and multiple types of sensory toys were available throughout the entire
workshop to reduce any feelings of stress or boredom. The inclusion of sensory toys was a partic-
ipant request at the end of the very rst workshop in the study. This request was then integrated
into all future workshops and studies. Breaks often included bathroom visits, refreshments, or
short movement breaks. These evolved into mini-dance parties, where a new participant chose
the song for each break, giving everyone a turn at being DJ. This was also another participant
request in the very rst workshop.

All the day-of workshop activities were presented in a slideshow so that participants knew
what they were doing and what to do the entire workshop. The facilitator went through the goals
for that workshop. This rst set of three workshops sought to explore how they grouped and
categorized items, which could be either the same, different, or similar. The last activity, time
permitting was a chance to use physical objects and drawing materials to design their own health
graphs and charts.

The ice-breaker activity began with introductions of everyone present. Each person in-
troduced themselves by saying their name, age, and one thing that they do that is healthy. The
facilitator rst demonstrated how introductions worked, providing participants with a model upon
which to base their introductions upon. The introduction slide was also always visible so partic-
ipants could see what should be included as well. Then, the icebreaker activity was “show and

tell.” Participants came up to the front and showed each of the ve health “Talismans.” Partici-
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pants the told their fellow co-designers why they chose these items (i.e., their rst associations of
objects with health).

Using their health Talismans, all of the co-designers with DS gathered around the table.
The activity slide asked “What Does NOT Go Together?” It then provided the activity directions:
1) the facilitator put one thing in the middle, 2) You [the participant] will pick one thing from
your pile in the middle. 3) The thing you pick should be DIFFERENT from the thing the facil-
itator picked. Before the activity of cially began, the facilitator rst asked the group what they
thought the term “different” meant to identify how the abstract concept was understood by the
participants. The next activities followed this same approach. However, instead of exploring
the associations people made using their personal items and abstract language (e.g., different),
the latter two Talisman activities explored the concepts and associations with personal objects
and how they were the “same” or “similar.” If there was still time, participants could use plastic
fruits, vegetables, and proteins to create tangible graphs using the toys, draw graphs how they

envisioned them, or combine the two however they wanted.

Workshop #2: Exploring Information Scaffolding Strategies

The De ne stage study revealed that task-based barriers were often very dif cult to overcome, as
they rapidly taxed various cognitive functions and processes as participants progressed through
the levels of graph-reading tasks. One of the most common approaches to addressing cognitive
processes affected by impairment (e.g., working memory, cognitive exibility, cognitive load) is
information scaffolding.

Yet another community practice commonly used within medical communication spaces
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is the use of narratives that center on the individuals with DS for peer modeling of positive
behavior and comic book health stories to explain health concepts or what will happen during
a medical procedure [59, 101]. Previous work has examined the narrative skills of people with
DS (e.g., [181, 198, 250]). In addition to conceptually adapting improv activities (e.g., “Alien
Storyteller” where an alien tells a story about health and the participant with DS translates), the
narrative-focused third workshop also involved the design workshop activity of storyboarding.

However, recognizing that not everyone might feel con dent in their drawing abilities, al-
ternative ways to construct stories provided accessible ways of participating. PhotoVoice [295],
and its earlier incarnations called “photo novel” [297], substitutes a hand drawn comic book
or movie storyboard with photographs. PhotoVoice's focus on tool development and emphasis
around empowerment [38,79,295] has led to this method being used with the various co-designers
with IDD [123, 304] and marginalized communities [49, 273]. As such, this study allowed draw-
ing, photograph, video narratives, or any combination according to the personal preferences of
the co-designers as the respond to the workshop-speci ¢ prompt prior to the third workshop.
Whatever mode they choose, they were asked to also include a narrative to go with them. These
pre-workshop narrative activities inspired later design artifacts throughout the workshop activi-
ties.

In recent years, the DS community has ocked to the “Improvaneer Method” to improve
the expressive communicative abilities of loved ones with DS by using improv techniques [264].
As the expressing themselves can be a challenge for some, the improv techniques adapted to t
this study were intended to promote communication and collaboration with their fellow workshop
members.

The goal of the second workshop, entitled “Teaching Others, Telling Stories,” was to
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explore 1) the information scaffolding techniques participants used to provide ability-aligned
direction-related design features and 2) how they told stories to further explore the potential of
data storytelling with this population. Both of these aims sought to facilitate the learning process
as people with DS create, develop, and revise their mental model for the HDV over time as they
move continuously back and forth between the three graphicacy stages. As a result, the second

workshop set's research question was:

W2 RQ: What information scaffolding and communicative techniques do adults and
older adolescents with DS to support inference-making during Reading Between the

Data tasks?

The workshops had the same format and set-up as the rst set of three workshops. The pre-
workshop activity asked participants to make a photo story or video in response to two prompts.
The rst prompt asked them to tell a story about or related to health. The second prompt asked
them to give step-by-step directions that explained step-by-step how to do a healthy activity.

On the day of, the facilitator went through the information slide (i.e., bathroom activities,
breaks are include but can also happen whenever you want, allergies). Again, no participants had
any allergies to the heathy snacks provided. This time, the introduction activity asked everyone to
give their name, their age, and their favorite healthy snack. The next activity was an Improvaneer
inspired warm-up to get the participants used to interacting with each other. The group collec-
tively decided on whether they would hold a plush, sensory friendly stuffed broccoli or apple.
Standing in a circle, the participants would say something healthy they did that week and then
describe the item they were holding. But whatever aspect of the toy they chose to describe the

toy had to be something no one else had previously said. This was bene cial because it provided
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clues about which senses they used rst and which aspect seemed most salient to the participants.

Before the next activity began, attendees collectively came up with health topics that were
visible where they could be easily seen. This was again to reduce any feelings of performance
anxiety. Then, the group watched each other's pre-recorded how-to videos. By collectively re-
viewing these videos, there was a no-pressure demonstration (i.e., peer modeling) of the next
workshop activity: teaching each other how to do something health related. After watching the
how-to videos or day-of in-person step-by-step demonstration, there was an improv session with
costumes, if they wanted to wear them to introduce play and reduce any feelings of stress. Be-
cause clear, concise, sequential directions are often used as aids for this population, this allowed
the researcher to uncover details about how people with DS may be able to more easily parse in-
teractive directions by seeing how they showed others how to do something. The improv activity
continued until everyone in the group until everyone had a turn giving step-by-step directions for
a health activity of their choosing.

This structure repeated for the second workshop activity. However, this time the videos ev-
eryone watched together were the storytelling pre-workshop artifacts. After participants shared
their stories, the group did a famous improv activity, that is particularly useful when improving
cognitive exibility: “And Then...” The game inolves collaborative storytelling where the facili-
tator started the story with, “Once upon a time there was a [story character] who [health-related
need or motivation]. And then...” The next person in the circle then added a little bit of informa-
tion to their story. At that point, the facilitator started repeating the story in sequence for each
participant in case the had dif culty recalling the story. This would continue until the story was
resolved in some way. As participants particularly enjoyed this game, there were multiple rounds

of the “And Then...” Storytelling game.
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Both workshop improv games were intended to uncover details (e.g., how they told stories)
to explore potential structures and details that could then be integrated into a data storytelling or
an interactive teacher feature. The use of game-based and play-based learning techniques enabled
participants to express their ideas in a fun way, compared to a much drier activity that may have
been less successful at uncovering interactive feature requirements, as expressing these details is

less intuitive and more mentally taxing.

Workshop #3: Exploring the Potential of Inquiry-based Learning (IBL) to Read
Beyond the Data

Within the context of this dissertation, the previous study found that participants struggled to
recognize when a mismatch, misunderstanding, or error occurred, which, in turn, could impact
their mental model and their ability to accurately analyze the graph because their understanding's
foundation had a aw init. This is one potential reason we saw the drop off in performance as the
tasks increased. One of the essential yet unexplored elements noted in the prior study concerned
the question generation process. Question generation is essential to the graph reading process,
particularly when used as a frame for interpretation during task analysis. Questions are generated
about the data to either solve a problem or support decision-making (e.g., [81,116,175,212,308]).

In fact, Boy et al., included questions as part of their de nition for data visualization literacy:

“the ability to con dently use a given data visualization to translate questions speci-
ed in the data domain into visual queries in the visual domain, as well as interpreting

visual patterns in the visual domain as properties in the data domain” [32]

Furthermore, Lee et al., observed that novice viewers of unfamiliar data visualizations use ques-
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tions to construct their interpretive frame for comprehension before exploring the visualization
and, immediately after, to interrogate their question-oriented frame to determine the quality
of their frame (i.e., interpretation and accuracy of their mental model for the data visualiza-
tion) [158]. In other words, questions are key to framing the information being taken in and
processed. Question generation in data visualizations has been shown to improve insight com-
prehension and deepen data engagement, resulting in better insights that have the potential to
“signi cantly advance the eld of accessible data visualizations” [255].

The ability to use question generation as a frame may be particularly valuable to this study's
sample, as part of the process involves re ecting on what you know so far and con rming that
the response is accurate. In education, IBL directly supports the process of re ecting on ques-
tions [220]. Both re ection and the intentional interrogation of the viewer's interpretation is also
essential step in improving their understanding and accuracy of an HDV. These processes are also
used in metacognition, which is part of error awareness and revision of their understanding. The
metacognition process similarly begins with the individual posing a hypothesis (i.e., a graphicacy
stage-speci ¢ task) and, in the latter parts, includes question generation to correctly answer the
goal of their hypothesis.

As aresult, the last workshop speci cally explored question generation. Multiple workshop
activities investigated the information cues that participants attended to (i.e., were judged to be
salient and relevant), the nature of connecting a question with an answer, and how that mental
connection can in uence their understanding of HDVs. This workshop set, entitled “Asking
Questions-Getting Answers,” examined the nature of the connections the co-designers with DS
made between questions and answers using different approaches. Exploring which information
elements participants with DS attended to, the types of errors or mismatches that occurred, and
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any resulting associations — and the type of association —helped the researcher sketch out a
potential accessibility support for error detection and mental model correction, grounded in IBL
strategies to potentially offset misunderstandings. In an effort to better understand how questions

impact interpretation and any resulting understanding of HDVs, this workshop asked:

W3 RQ: How do adults and older adolescents with DS use context clues during

inquiry-based data visualization analysis tasks?

The pre-workshop activity was to create a comic (i.e., a step-by-step story) in which the
rst frame illustrated a facilitator-provided health-related answer. The directions in the slide show

as well as on the paper comic template asked them to: pick a health story (i.e., answer a health
guestion) and draw what happened after choosing one of the three available health stories (i.e.,
answers): 1) “I didn't sleep much last week, and | felt really tired during the day.” 2) “When |
exercised, my heartbeat faster—then slowed down when | rested.” 3) “I had a lot of ice cream and
pizza yesterday. Later my tummy started to hurt.” The second page/frame asked them to generate
— and illustrate — the question they had about the story (i.e., a question using answer cues that
could lead to that answer). The nal frame of the comic showed them explaining the story (i.e., a
guestion-and-answer) to a friend.

This allowed the researcher to determine the cues and how they visualized those cues in
the rst frame, the visual elements they envision to connect the two together and support other
people's understanding of their generated question, and then the visual and/or textual approaches
they used to explain what happened. This activity provided deeper insights into their experiences
and values, which they translated into images and story elements that could inform both HDV

visual and interactive design question-generation support features. For those who did not create
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a comic, such as the nal workshop participants, the rst day-of activity was to do it in person.
Then, whether they brought into the workshop or they made their comic that day, each participant
presented their comic and the group collaboratively re ected on them.

As with the previous workshops, they began with the goals of the workshop, what they were
going to do, and additional information about where the bathrooms were located and what snacks
would be provided, followed by the ice-breaker introductions. The next activity was a Reverse
Jeopardy (RJ) game. Reverse Jeopardy was used to uncover abstract association strategies used
by people with DS and to inform IBL principles that support their expressive abilities. RJ began
with the goal of the game “Matching Answers with Questions!” Then, participants were asked to
collectively choose a category: nutrition/weight management, sleep, or exercise. Each category
had three answers to choose from. Each participant got a chance to pick the answer. Then, on
the board, each participant wrote the number of the question they thought best t as an answer to
the question. For example, one sleep answer was: “lI woke up before my alarm and had a lot of
energy. | felt excited to start my day.” The four options they could choose from were “What do |
doif I can't fall asleep?” “What time do | get ready for school?” “What happens if | drink caffeine
before bed?” “How do | know | had a good night's sleep?” Each answer was conceptually related
to the topic and included cues of their own that could be connected.

Additional activities included creating a graph and then asking questions about the graph,
designed to facilitate an understanding of the kinds of and aspects to questions they generated,
with the goal of learning what they wanted to know about the HDV. For participants who seemed
to particularly struggle with question and answer generation in the context of HDVS, they took
part in a different activity. This connection activity involved collaboratively generating questions.
Question keywords (e.g., Who, What, When, How, Why, Where) were written and drawn on a
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reusable post-it note. This included the kind of information the query word was requesting (e.g.,
who = a person/group, when = time, why = looking for a reason, where = a place). After coming
up with health topics, each with text and illustrations to support comprehension, the group paired
each question type with a topic and quote and then shared a question that included those elements
with everyone at the workshop. In the end, all workshops unraveled the cues and connections

involved when generating health-related information.

Dataset Generation

Re exive Thematic Analysis (RTA) [34, 35] provides a exible yet rigorous means to analyze
multiple perspectives of participants and the lenses through which to view them (i.e., it allows
researchers to view the co-constructed data through multiple epistemological tradition, instead
of only one). One of the reasons this approach was selected is because the dissertation sits
within a larger critical framework grounded in phenomenology, CDT, intersectionality, SDT, the
social model of disability, and design justice principles. These frameworks provided lenses to
the author when coding for meaning, which is not same thing as something being “discovered”
or a “emerging from the data.” In fact, RTA actively and intentionally resists positivist markers
of validity in an objective reality, such as inter-rater reliability and code-frequency counts, which
presume stable meanings and/or the existence of a singular “truth.”

Meaning instead is occurs between the researcher and the participants through the co-
creation knowledge together (e.g., themes as patterns of context-dependent, negotiated meaning-
making that is neither xed nor inherent). RTA values what a participant does, says, or brings to

the study. It values participants’ ways of being and knowing and sees them not just as a re ection
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of their internal cognition, but also as shaped by their relationships to others, to the researcher, to
the sociocultural context, to the technologies involved, and to how those things respond to them
(i.e., situated within dynamic interactions). In other words, RTA highlights the relational (i.e.,
knowledge, behavior, meaning, and insight are co-constructed through interactions between peo-
ple, systems, tools, environments, histories, and power structures), situated, and co-constructed
nature of knowledge.

As a result, codes, patterns, and themes describe the many facets in meaning-rich mo-
ments. RTA treats these moments as equally signi cant and valuable as positivist approaches
to qualitative data analysis. This orientation enabled the analysis to move beyond description
toward explanation, showing not only what participants did but also why and how those actions
re ected various ways of being and ways of knowing. It is through the RTA process that its valid-
ity is demonstrated by regularly reporting on its transparency, re exivity, and epistemic integrity

throughout the course of the study and the write up itself.

Data Collection

Data collection occurred across multiple months. Data were organized into workshop-
speci ¢ groups. Data included transcripts, researcher eld notes, video and audio recordings,
participant-created design artifacts generated before and during workshops (e.g., personal talis-
mans, hand drawn graphs, grouped objects, question cards, storytelling videos, health comics).
Recordings were not used to transcribe verbatim quotations, but were also a means to observe
more subtle, embodied forms of communication (i.e., gesture, pacing, spatial arrangement, tone)

that often shaped meaning in ways that text alone could not convey. By collecting and using mul-
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tiple kinds of data, the dataset itself also improved triangulation and deepened analytic validity

in this deliberately diversi ed dataset.

Re exive Thematic Analysis: Approach, Process, and Commitments

Analysis followed Braun and Clarke's six step process for Re exive Thematic Analysis [34,
35]. First, the researcher watched and reviewed the data multiple times to familiarize themselves
with it, taking detailed notes on both what was said and how it was expressed. Coding came next
and was done inductively—letting ideas emerge from the data. The author would play the videos
simultaneously to these early codes, which also included use of metaphor, embodied thinking,
shared attention, and playful re-framing. These codes were applied across activities and media.

Throughout the all six steps of RTA, the researcher also kept written memos and journal
entries, held critical conversations with themselves to stay re ective and accountable of how their
interpretation was interacting with the data and its resulting narrative. As a result, data quality
(and study validity) grounded itself through transparency, critical self-awareness, and responsible
interpretation (i.e., making sure decisions were thoughtful, context-aware, and open to multiple
ways of seeing), which were also reported in various re exivity blocks below.

The initial codes cycled through inductive and deductive analytical approaches. The author
went back and forth between the data, other empirical research, and theories to better under-
stand participants' experiences, noticing a growing tension between the subjectivity of partici-
pants' personal, lived experiences and the largely medical model of disability-informed literature.
Codes were applied across different kinds of workshop artifacts, with attention to each co-design

workshop's activity-speci ¢ aims and dynamics. Coding began by looking at the data's explicit
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meaning (i.e., taking its meaning at the surface level).

Early codes using the explicit tagging approach included: metaphor, spatial reasoning,
embodied cognition, play, tangible, and categorization by function. Memo writing was used
throughout to document analytic decisions, questions, and emotional responses. These codes
began to hint at shared patterns, surprising differences, and relationships among them. Early
analysis was pragmatic, given the RQs, which focused on: What helped participants understand
the data? What confused them? What design features made space for different ways of thinking
and communicating? These questions helped turn lived experiences into concrete insights for
creating more accessible HDVSs.

As themes crystallized, coding shifted from descriptive to interpretive. As data evolved
into higher-level themes,the use of latent re ection and investigation increased. For example, the
researcher paid attention to details, feelings, power dynamics, and shifts in non-verbal cues.

The RTA process requires equality, equity, and inclusion for participants to be at the same
“level” as the researcher(s). This is a critical methodological distinction when conducting dis-
ability research, where they are all too often treated as “subjects” instead of equal contributors
and co-constructors of knowledge. So, rather than view participants as sources of data to be
extracted from, RTA analysis highlighted how participants worked with, adapted to, and even

resisted systems that were not built for them.

Re exivity Block: From the start, this work has been critical of studies that rely on second-
hand, proxy data about people with Down syndrome (DS), particularly when previous researchers
have justi ed its overuse by claiming direct data collection is too dif cult or yields less reliable

results. To challenge this, all participant-facing processes, materials, and workshop activities
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were designed to be as accessible as possible. Yet the tension is deeply felt: while the collected
datais rst-hand and ever aspect was designed to ensure independent, direct participant feedback,
the analysis is not. While this is part of the process, as a solo investigator without DS, the author
has no personal connection to the DS community—only the time spent volunteering. Even with
a different neurodevelopmental condition, the author remains unsure if their time and effort still
results in co-constructed knowledge.

As aresult, the researcher did not commit exclusively to inductive or deductive approaches,
or to purely semantic or latent analysis. Instead, analysis moved iteratively between all ap-
proaches. Drawn to theory and underlying mechanisms, the researcher spent extensive time
examining raw data through different theoretical lenses while repeatedly consulting literature on
embodied cognition, cognitive processing, and workshop dynamics. This was done to slowly
build upon their understanding of participant's perspectives as well as continually ground them-

selves in what their experiences might be like when examining how DS can impact some people.

Mapping Author Impact upon Analysis via Decisions Made: These tensions directly shaped
analytical decisions through explicit cause-and-effect relationships. Because the researcher re-
mained uncertain whether co-construction was possible as a solo outsider analyst, they simul-
taneously played the videos during coding rather than relying on transcripts alone. This kept
participants' embodied communication present throughout interpretation and analysis. When the
researcher questioned whether asset-based codes re ected participants' actual experiences or the
researcher's ideological commitments, they cycled back and forth between the empirical litera-
ture between coding rounds to interrogate their interpretations and the literature itself throughout

the entire analytical process. Dual coding (i.e., assigning both descriptive codes to explicit ac-
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tions and words as well as interpretive codes using potential latent meanings) became standard
to avoid feelings of being presumptuous of the lived experience of someone else. Then, using
pattern analysis, the author tried to determine if their interpretations were supported across the
dataset. Their outsider status to the DS community made the author acutely aware of the not only
the potential to misunderstand but in doing so unintentionally create a power imbalance between
themselves and the participants. Therefore, participants were treated as equals and expectations
were intentionally de ned prior research activities with any TD attended. Participants were al-
ways viewed as research partners the author working with instead of responding. This attempt
sought to foreground their power and agency so participants felt comfortable enough to quickly
correct any misunderstandings vocalized by the researcher, who audibly asked for con rmation
or clari cation during every activity. For example, the researcher regularly asked "please correct
me if | am wrong, when you said A, did you mean X, Y, or something else?” when their intended
meaning was not explicit or the author's limited ability to understand what they were saying at the
time and requested that they repeat themselves. Because the regularly, actively researcher ques-
tioned their interpretive authority as an outsider, competing interpretations—particularly when it
related to actual engagement versus social accommodation—were rapidly recorded and resolved
in a way that was not solely reliant upon the researcher's judgment. The hope of this effort was
resulting in themes that respected the tension, its potential for multiple meanings and interpreta-

tions, rather than claiming via force a coherent narrative through the author alone.
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6.5 Analysis

In RTA, the Results section is instead called Analysis [34]. Overall the study resulted in over
250 documents, les, and other forms of study data. These included re ections, observations,
memos, eld notes, pre-activity and day of workshop pictures, audio, and videos. The researcher
analyzed nearly 23 hours of data (22:49:06). When analysis was nished, there were 1,199
code applications across the dataset. The following analysis details the meaning-based patterns
and describes the various cognitive, affective, sensory-based, social, context, and environmental
factors that could impact participants’ meaning-making ability as observed during each set of
workshops (i.e., three co-design sessions per workshop set, three sets of workshops in total).

The sections below provide an overview of each workshop activity's outcomes before de-
scribing the resulting meaningful themes, patterns, and outliers. While there are separate avenues
explored for every workshop and activity, the ultimate aim is to tease apart the underlying compo-
nents used in sense-making and inference-making as they go through the three stages of reading
a graph and to untangle the various kinds of cognitive, perceptual, affective, social, and contex-
tual supports that may mitigate the impact of any misunderstandings or mismatches (i.e., task or
design-based barriers to their graphicacy skills).

The dissertation's main aim is to improve the cognitive accessibility of HDVs using visual
and interactive supports that align with the strengths and address the challenges of people with
DS. As such, the Analysis examines the various factors that can impact HDV viewers with DS
to better understand how to make the sense-making and inference-making processes easier, more
engaging, and more accurate when making sense of an HDV during stage-speci ¢ graphicacy

analyses tasks. The ultimate aim is to better understand the factors and mechanisms that need to
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be designed to make digital HDVs more accessible for people with DS, so HDVs can be used as

a tool for self-advocacy and personal autonomy.

Workshop 1 “Grouping, Sorting, Comparing:” Strategies Used to Organize Health
Information

This section analyzes how participants with DS grouped, sorted, and associated health-
related information during the rst co-design workshop. The goal was to uncover the initial
mechanisms that drive early-stage sense-making, focusing on how associations re ect each par-
ticipant's lived, embodied, and relational subjective experience. Findings reveal that association
is not an abstract cognitive operation — it is enacted through personal relevance, sensory and
emotional grounding, and co-constructed meaning.

In searching for processes and facets that may impact how and why people with DS make
connections with different kinds of information and objects, the rst workshop uncovered the var-
ious qualia that shaped participants' subjective experience of the research activity. Their health
talismans provided a peek into their rich inner lives as they interacted with and made connections
between them. Workshop 1's analysis illustrated how their personal, qualia-rich subjective ex-
perience shaped their sense- and inference-making approaches, where cognitive accessibility is
inseparable from their experientially grounded, epistemic lives.

The rst underlying factors and mechanics that were examined in Workshop 1 sought to better
understand how people with DS made mental connections between things. This workshop's
focus was the result of the previous study's identi cation of many design-based and task-based

barriers. As a result, the rst co-design workshop aimed to better understanding how people
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with DS group, sort, categorize, and connect health information, as well as explore the abstract
concepts of sameness, similar, and different.

Organizing information by grouping and sorting involves several cognitive functions. In
addition to categorization and attention, the processes of grouping, sorting, and classifying pri-
marily involve executive functions, which manage working memory, cognitive exibility, and
planning. These functions work together to allow an individual to select, organize, and manip-
ulate information to nd patterns and, eventually, to make informed health decisions about their
bodies. These kinds of abilities and processes are critical when people with DS are constructing
their understanding of HDVs and use their graphicacy skills during stage-speci ¢ graph reading
analyses tasks.

Because everyone brought in different items, the idea of the “same” and “similar” were often in-
tertwined in their minds, as the degree of separation between the two aspects were not as clearly
de ned for many of the participants. Unless they selected the same item from two identical
sets of fruits, vegetables, and protein toys, which were used during a later collaborative group-
ing, sorting, and graphing activity, there were not many opportunities for exact matches between
identical items. Instead, their de ned degree of separation between the abstract concepts “same”
and “similar” were examined by the associative degrees of conceptual closeness that individu-
als' made about the item they paired with the facilitator-selected object—and the creation of the
“Cognitive Reasoning: Meaning Negotiation” code.

Across the workshop activities, various kinds of associations between their HTs emerged.
One critical code, “Conceptual-Mapping” was a parent code of several association types, which,
in turn, had children codes that describe the aspects and interactions with that association type.

In the case of this quote, the conceptual-mapping done by Wyatt connected “By Function”
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“It's called electrolytes. This electrolytes is actually in my water. It turns the water

into a different taste. So this one is called mango ... it's my favorite.”

This quote illustrates the how various conceptual connections can be related to other aspect as-
sociations. For example, the function of the electrolytes is associated with where the electrolytes
are used-in their insulated bottle. Its function is occurs in a location. This led to the creation of
the code “Context-Place: location.” The next two sentences indicated an aspect of its function—
the transformation of itself and the contents of the container it is located within (i.e., it is a
“States-Based” change) as the participant describes its “Cause and Effect.” In this case, the cause
is pouring in the powder into the liquid and the effect is the transformation that occurs when the
health object is used. In the case of the electrolytes, it not only transforms its state but also its
aspects (i.e., the liquid dissolves, changing the state of the electrolytes, which changes the a-
vor of the liquid now containing it from an aspect state of plain to mango). The speaker also
associates the transformation effect with a positive emotion, because it is their favorite avor.
Another example of the “Cause and Effect” conceptual mapping by function includes by “Health
Value”. This is illustrated when Nico says, “l also have medication, because sometimes | have
seizures.” It's health value is functionally mapped by the use of the medication (i.e., cause) and,
in this case, the absences of an effect (i.e., seizures).

Such conceptual mapping reveals other kinds of connections that people with DS can make.
Similar to a “State-based” transformation, many excerpts indicating one of the more commonly
occurring associations were time-speci c. This often occurred often where the health event or
item is part of their “Routine.” The Routine code expressed different aspects of itself. For ex-

ample, “Working-Memory” was a common co-occurring code because a routine's “Familiarity”
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and “Repetition” can reduce “Cognitive Load,” because routines do become so deeply ingrained.
Ingrained routines, more critically, introduce the idea that routines become both physical, be-
havioral, and conceptual structures through their regular and repetitive context, that are concrete
through this reinforced connection to a lived-in speci ¢ time and space. This layering aspect-
derived routine codes resulted in the creation of the broader “Context-Time” code.

Conceptually-mapping something by its function can also include the actions that can be
done with the object. For example, Flynn's tennis shoe triggered them to make multiple, rapid
associations: “going for a walk, or we go to the treadmill. And if | want, | can [go] to see

. my boyfriend. And so he was there. And | want to make some weights.” It this quote, the

function-based conceptual mapping has associations with the different variations of the action
that can be taken with the item (i.e., a leisurely walk, exercise by using the treadmill, a way to
get somewhere they want to go). It also highlights various social, emotional, and recall-oriented
connections. The shoes help Flynn spend time with their out-of-town boyfriend. Then Flynn,
mentally recalls the last time were together, which is intertwined with and further solidi ed by
experiencing a strong, positive emotional experience weeks later. These associations led to the
codes “Social: Relationships,” “Affect: Linking Objects with Emotions,” and “Memory: Re-
cal/Remembering.” The nal sentence of that excerpt shows Flynn returning to the main object,
the shoe, and associating with an object that has a related health function, the weight or con-
ceptually mapping the object “By Type.” Flynn's “Stream of Consciousness” demonstrates how
associations and conceptual-mappings can occur rapidly, automatically, and intuitively, leading
to the creation of the “Reasoning: Intuition” code.

However, these also served as early evidence for the “Working Memory: Anchoring” code.

This code was applied when participants would appear to talk about tangentially-related content,
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using a stream of consciousness style of communication. The interesting thing about this behavior
is that throughout this extended description, which was sometimes minutes-long in its duration,
their working memory is holding the original question. If they are allowed to nish their idea, they

will answer the question directly or with the strongest association at the very end. The behavioral
pattern suggests that they are using stream of consciousness responses to work through what
they really want to express. In other words, some participants used this expressive language
technique as a form of information-processing to reduce their cognitive load while still engaging
their working memory. While not every participant demonstrated that behavior, or the author
failed to notice it, multiple participants did use this approach.

Conversely, Wyatt's quote demonstrates “Reasoning: Deliberate.” Their use of “Language:
Semantic Mapping” and “Sequential Explanation” in the sentence shows a logical ow from
one idea that is 1) grounded by the speakers use of “Language: Keywords” as a verbal cue to
attend to and 2) the repetitive linking of those keywords using the “Language: Verbal Mirroring”

association code. Re-examination of this excerpt highlights different things:

“It's called electrolytes. This electrolytes is actually in my water. It turns the water

into a different taste. So this one is called mangat's my favorite”

A word that is bolded for the rst time is the keyword (e.g., electrolytes, water). When
a keyword is repeated, bolded, and italicized, that is the mirror that links to the keyword's rst
instance. lItalics indicate a replacement or a synonym for the keyword is used, but is intended
to mean the same thing (e.g., electrolytes > one, it's). When a keyword is only underlined, it is
describing some kind of association with that keyword (e.g., taste > mango; taste > mango >

favorite).
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This example also indicates Wyatt's the kind of education they had. By using verbal
bridges, they support comprehension during communication as their ideas are linked through-
out. Their ability to effectively and linguistically link ideas by keywords that can be attended to
allowed them to scaffold their meaning. By verbally scaffolding information in this way, their
intended meaning can gradually become more complex by building upon one another. “Informa-
tion Scaffolding” strategies, like the use of verbal bridging, are an effective approach to reduce
cognitive load and relieve working memory limits [289]. Information scaffolding strategies break
down and group more complex tasks or ideas into smaller, more manageable sub-tasks or bits of
information. This process is called “chunking.”

By reducing complexity, information scaffolding can decrease the possibility of hitting a
working memory ceiling. Once a person has more working memory available to them, the person
can shift their focus, attending to cues that trigger the recall of the related components chun-
ked together with the larger amount of information that was stored in long-term memory. As
a result, people with DS can leverage their long-term memory strengths to provide a frame for
their analysis tasks, like noticing patterns. Information scaffolding ultimately improves com-
prehension, helps with storing information into long-term memory more easily, and builds upon
self-ef cacy [289].

By the end of this rst activity, it became clearer that there were multiple internal and ex-
ternal factors, cognitive functions and processes in uencing the types of associations and mental
connections that they made. This activity wound up identifying connections by their function
or aspects of its functionality, by its physical environment or time-based context, by its value
to health, by its association with personal relationships, and by its relationship through cause
and effect. The connections were ltered through subjective experience factors, like an individ-
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