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ABSTRACT

Diagrams are graphical representations of data and relations that rely on visual access,
which poses challenges for people with visual impairments. In this thesis, we explored how
people with visual impairments access diagrams by interviewing 15 participants about
their experiences and challenges with diagrams. We found the factors affecting diagram
accessibility and conceptualized a ladder of diagram accessibility. We also designed and
implemented a novel software system, Touch-and-Audio-based Diagram Access (TADA),
based on design goals and principles derived from study findings and existing literature.
TADA runs on a multi-touch tablet and enables people to interact with diagrams and
have spatial awareness of diagram elements. It supports various interaction techniques
using touch gestures and speech as input, and musical tones and speech as output, al-
lowing people to explore, search, navigate, and filter in node-link diagrams. We then
conducted a system evaluation study with 25 participants to assess the effectiveness and
perceived workload of using the system. The results showed that TADA provides spatial
awareness, achieves higher levels of diagram accessibility, and reduces barriers to system
access. The thesis contributes to the field of accessibility by providing insights into dia-
gram accessibility factors and needs, introducing TADA with new interaction techniques
and audio feedback designs for diagram access, and presenting empirical evidence of the

effectiveness and perceived workload of TADA.
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Chapter 1
Introduction

Accessing information about the world, such as charts, transportation maps, and edu-
cational diagrams, often relies on visual channels. This limited mode of access excludes
individuals who are blind, have low vision, or experience temporary vision loss from
gaining important and relevant information and can hinder their ability to accomplish
everyday tasks at work or in their personal life [65, 49]. To address this issue, researchers
and developers have introduced tools and technologies to improve accessibility, including
screen-readers [90, 13], tactile graphics [39, 52], and multi-modal interfaces [91, 70, 65].
Our work aligns with these efforts and aims to explore how people with visual impair-
ments can perceive node-link diagrams with improved accessibility.

A node-link diagram is a visualization technique wherein individual data points are
represented in the form of a visual point (called a node) and the relationships between
the data points are described by connecting the nodes using lines (called links) [95, 82].
For example, it is common to use nodes to represent people in a social network and
links to represent their connections or friendship. Other examples include computer
networks and character interactions in a book such as those shown in Figure 1.1. People
encounter them fairly often in their everyday lives but access to them is often limited
[65]. To improve accessibility for such node-link diagrams (and beyond), researchers have
conducted studies and proposed new tools.

For example, some researchers have suggested using keyboard input alongside screen
readers to access diagrams [22, 13, 46]. However, navigating the diagram per node or
connection using arrow keys restricts people to relative spatial awareness, making it diffi-
cult to gain an overview and synthesize complex information. Special-purpose tools have
also been developed for specific types of diagrams [91], such as chemical molecules [19]

and UML diagrams [64], but these were not extended to more general-purpose diagrams



limiting their generalizability to other node-link diagrams. Other approaches focus on
automatically converting diagrams into text descriptions, but these descriptions suffer
from the same limitations as alternative text or image descriptions [30, 45, 50], in that
they could require a lot of mental effort, might not be consistent or standardized, and
might not capture the full details [50]. Additionally, researchers have proposed using
multi-modal access to diagrams [70, 80, 37], but these often involve one-off devices that
may not be easily scalable for public use. Lastly, researchers have suggested the use of
touchscreen devices [74, 65, 89, 38] to improve access because they are affordable and
widespread, and can be used in a mobile situation [31] with audio being the most com-
mon output method. To use audio to effectively convey information, interactions need to
be designed to direct user attention around a diagram while listening to audio cues [58].
We extend such work using touch and audio by combining dynamic and distinct audi-
tory information and a variety of interaction techniques that utilize touch gestures and
speech commands to support multiple levels of information access in our work. We focus
on an affordable, widely available commercial tablet, unlike other systems that require
specialized feedback hardware. Additionally, we aim to maintain the spatial arrangement
of the diagram, giving people a complete understanding of the diagram components and
their relationships.

In this paper, we explore the use of readily available technologies and capabilities,
such as tablets and audio, to enable access and exploration of node-link diagrams. We
conducted a formative study, interviewing 15 participants with visual impairments to
understand their experiences accessing diagrams and assess the need for a technology
solution to improve accessibility. Based on the insights gained, we identified several
design principles and implemented a software system called “TADA” (Touch-and-Audio-
based Diagram Access) on a commercial tablet with a multi-touch screen. We scoped the
current design of TADA to read diagrams in an existing semantic data format, excluding
the process of extracting data from diagrams in the wild [57, 60, 76]. TADA allows node-
link diagrams to be accessed through touch and speech as input, with audio as output. By
associating nodes and links with distinct sounds and utilizing gesture-based interactions,
individuals can accomplish common diagram-related tasks, such as gaining an overview,
understanding details, navigating, filtering, and searching for specific node(s) [6, 68]. We
then conducted a system evaluation study with 25 participants to assess the effectiveness
and perceived workload of using TADA.

In this paper, we make three main contributions:

e Insights from our formative qualitative study, highlighting the everyday challenges



individuals with visual impairments face when accessing diagrammatic informa-
tion, limitations of current tools, and the need for more effective solutions to meet

different accessibility needs.

e Design of TADA, and a list of design principles that can guide future tool develop-

ment for improving diagram accessibility.

e Insights from the evaluation of TADA, including its strengths, limitations, and

potential strategies for future improvement.

Overall, our work aims to bridge the accessibility gap in accessing node-link diagrams
for individuals with visual impairments, empowering them to access and interact with

important information at various levels of detail.
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Chapter 2

Related Work

We present work related to the central problem of diagram accessibility for people with
visual impairments. We discuss literature related to general interaction techniques for
accessibility, and then organize other related work according to diagram types and their
associated modalities and representations. Due to the complexity of how node-link vi-
sualization can be used for multiple types of diagrams, we decide to separate them to
be their own categories: general graphics, maps, statistical charts, and finally node-link
diagrams. It is important to note that although maps and statistical charts can be a
type of node-link diagram, they are usually referred to as separate types of visualization.

We lastly summarize the related work and contrast them with our proposed system.

2.1 Interaction Techniques for Accessibility

Generally, guidelines have been proposed for designers to make general touchscreen in-
terfaces more accessible for people with visual impairments. For example, the studies by
Tennison et al. [89] explored how people can perceive and follow lines on a multimodal
touchscreen tablet using vibrations and sounds. They proposed guidelines for the presen-
tation of non-visual graphics on touchscreens, such as using common tracing strategies,
multitouch and anchoring techniques, and horizontal orientations to enhance line percep-
tion and exploration. Different feedback signals for start and end points, borders, and
inflection points of lines are also important. McGookin et al. [71] derived guidelines for
touchscreen accessibility from the evaluation of using two touchscreen MP3 players run-
ning on personal digital assistants (PDAs). The study compared one with a raised paper
overlay to another one with touchscreen gestures, using sighted participants who were

blindfolded. The guidelines include avoiding gestures with a short duration, providing



spatial awareness, providing a tactile home key and different button shapes, and provid-
ing feedback for all actions. These guidelines can help designers create more effective
interaction techniques for visually impaired users.

Kane et al. [53] developed a set of multi-touch gestures for a phone-sized touchscreen
device that include a one-finger scan to browse lists, a second-finger tap to select items,
a flick gesture to perform additional actions or switch between pages, and an L-select
gesture to browse hierarchical information. If music is playing, a double-tap gesture
pauses it. The techniques were designed to allow risk-free exploration, reduce demand
for selection accuracy, quick browsing and navigation, intuitive gestural mappings, and
easy query of location and return home. More recently, AccessWear [59] has a gesture
recognition system designed specifically for blind people on a phone, and has a gesture
replacement system that allows people to map smartwatch gestures to touchscreen ges-
tures without changing the apps. For example, flicking wrist with a smartwatch maps to
swiping right on the phone.

Zhang et al. [99] used an artificial neural network to classify how people who are blind
explore digital images with tactile sensations using a haptic device. They identified five
exploration procedures: Frame Following, Contour Following, Surface Sweeping, Relative
Positioning, and Absolute Positioning. These procedures are characterized by spatio-
temporal patterns that are invariant to translation, rotation, and scale. Understanding
these behaviours can inform the design of effective interaction techniques using other

modalities than tactile.

2.2 Making General Graphics Accessible

Touch screen devices such as phones and tablets can provide audio and haptic feedback
which can be utilized to make graphics in general accessible. For instance, GraVVITAS
[37] is a tool that uses a touch screen tablet PC to display general graphics (including
tables, line graphs and floor-plans) in a visual form for sighted users, while providing hap-
tic feedback for blind users using specially designed hardware and gloves with vibration
actuators. The system allows users to explore, inquire, and get an overview of graphics
through the use of haptic and audio feedback.

A system developed by Nair et al. [74] focuses on image explorations on smartphones
and consists of three tools: a menu and beacon tool, a hints tool, and a quadrant zoom
tool. The system features an audio menu that lists all areas within an image, an au-

dio beacon that directs users to their chosen area, an enhanced menu that highlights



recommended areas and the number of sub-areas, a prominence indicator that adjusts
the volume of spoken area names based on their visual prominence, and a first touch
indicator that alerts users when they touch an area for the first time. AllyBoard [100]
consists of a web-based drawing canvas mirrored on a mobile touch screen device from a
computer to navigate artboards (eg. slide design tools) spatially using touch and gesture
while receiving audio feedback and utilizing speech recognition for input and output.
The system supports touch-based interactions such as selecting objects, obtaining object
information, and starting speech recognition through gestures like split-tap, dwell, flick,
and double-tap. Audio feedback is provided to assist users in comprehending the spatial
arrangement of the artboard and the system’s status.

Another approach is the use of 3D-printed tactile overlays with audio annotations for
touchscreen graphics. TacTILE [42], for example, is a toolchain that enables the creation
of 3D-printed tactile overlays with audio annotations for graphics such as graphs, images
and maps. The interactive app allows blind users to explore the graphic using the tactile
overlay and hear audio annotations by tapping the cutouts. Similarily, Mac¢kowski et al.
[70] developed a system that uses a tablet and mobile app to provide audio descriptions
of elements on a tactile picture overlaid on the tablet.

Lastly, Swaminathan et al. [86] designed Linespace based on a large tactile display
which uses 3D-printing to create tactile graphics. It allows people to explore, create, and

manipulate graphical content with touch and speech.

2.3 Making Maps Accessible

Ducasse et al. [31] presented a comprehensive survey of accessible interactive map pro-
totypes for visually impaired users, divided into Digital Interactive Maps (DIMs) and
Hybrid Interactive Maps (HIMs). DIMs refer to purely digital representations of maps,
and HIMs combine both the digital and physical.

DIMs: DIMs can utilize touch screen devices with vibration and speech feedback to
present geospatial information. For example, the TouchOver map [79] uses a smart-
phone with vibration and speech feedback to present geospatial information from Open-
StreetMap data. The user can explore the map with one’s finger, and when the finger
touches a road, the system vibrates and reads out the name of the road continuously.
Sonification interfaces can also be used to convey geometry and spatial information on

touch-screen mobile devices. For example, Timbremap [85] is a sonification interface



for visually impaired users to explore maps and floor plans on touch-screen mobile de-
vices. The system uses two sonification modes, line hinting and area hinting, to convey
geometry and spatial information.

On a tablet with haptic support, GeoTablet [84] is an application designed for visually
impaired individuals that offers vocal, auditory, and haptic feedback. The system allows
users to explore maps and obtain information about locations and environmental sounds
using single-finger contact. Carroll et al. and Lazar et al. designed a weather map
application [23, 67] for blind users that incorporates touch and haptic feedback. Users
can explore the weather data and zoom more into the map using a touch screen as the
input device. The system provides touch-based navigation, auditory feedback through
pitch and spatial sound, haptic feedback for points of interest, and text-to-speech for
state names. Open Touch/Sound Maps [51] supports haptic, audio, and speech feedback
to inform relative information about current position and its surroundings. It uses 3D
audio help users estimate the distance from their current location to the next intersection,
as well as the direction of the intersection relative to the user’s location. The sound’s
frequency changes with the distance to the intersection, and a higher frequency means
closer distance. When the user reaches the intersection, a musical chord is played. Speech
is used to announce the name of the current road.

On a large touchscreen, access overlays [54] were designed to improve the accessibil-
ity by providing speech and audio feedback. The system supports several interactions

including edge projection, neighborhood browsing, and touch-and-speak.

HIMs - Audio-tactile Approaches: Audio-tactile maps are common to make maps
accessible as HIMs. For example, Brock et al. [17] developed an interactive audio-tactile
map prototype that allows visually impaired people to explore and learn about geographic
maps. The system consists of a raised-line paper map overlay placed over a multi-touch
screen, a computer, and loudspeakers. The system supports touch-based and gestural
interactions for non-visual exploration of maps, allowing users to touch the raised lines
of the map overlay to feel the map elements and double-tap on any map element to
hear its name and description. Additionally, augmented reality maps can be used to
combine tactile, audio, and visual feedback for spatial learning. For example, Albouys
et al. [5] designed an augmented reality map prototype that uses tactile feedback such
as raised-line maps, magnet boards, and wax-coated woolen strings, as well as audio
feedback such as speech synthesis and beeping sounds. The system supports two ways

of interacting with the augmented reality map prototype: pointing and pressing, and



sliding and holding.

HIMs - Other Approaches: More modalities like the use of speech interaction, key-
board, and other senses can be useful as well. For example, Tikisi [12] is a multimodal
framework that supports various interactions with maps primarily through speech com-
mands triggering various actions such as zooming, scaling, moving, centering, finding,
and summarizing with touch and keyboard as other input modalities. It uses speech as
the output. iSonic [101] is a tool for exploring georeferenced data. It can be used with
input devices such as a standard keyboard and mouse, as well as specialized devices like
a touchpad, trackball, and joystick. It provides sounds and speech output. Interaction
with iSonic includes gist, navigation, situating, filtering, details-on-demand, selecting
and brushing. Additionally, the system allows for customization of the information level
and the ability to switch between different data views. MapSense [21] is an interactive
audio-tactile map for visually impaired children that uses touch, sound, and other senses
like smell and taste to help users explore the map augmented using figurative tangibles.

These tangibles can contain food and/or scents.

2.4 Making Statistical Charts Accessible

Statistical charts refer to data visualizations such as bar charts, line graphs, and scatter-
plots. They generally have specialized components and objects such as axes and empha-

size data trends.

Text-based Approaches: Alternative text (alt-text) and descriptions can exist for
charts, and some systems [25, 73| utilize deep learning models to automatically conduct
chart classification, text extraction, and data extraction for visually impaired users to ac-
cess data in chart images on the web through screen readers. VisText [87], a benchmark
dataset for chart captioning, provides three representations of charts: rasterized images,
data tables, and scene graphs, and provides different levels of captions for each chart.
This would help create chart captions that are rich in meaning and can enhance the un-
derstanding, retention, and ease of use of data visualizations. SeeChart [4] deconstructs
charts in SVG format on the web and uses a template-based approach to generate sum-
maries of the charts. It follows a data-to-text generation architecture with four stages:
data analysis, ranking insights, document planning, and surface realization. The chart

is then reconstructed with summary descriptions and interactive features for selecting,
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navigating, and browsing through the data points are provided via keyboard controls.

Auditory Approaches: Information can be also conveyed through the use of non-
speech audio. Infosonics [44] is designed to sonify data sets with aesthetically pleasing
audio with two different audio tracks using sonification and speech synthesis. One track
generally describes the data and audio encodings, and the other focuses on describing
particular data points in speech. Interactions with the audio tracks include play/pause,
skip, rate adjustment, and track selection. Chart Reader [90] is a web-based interface
that works with screen readers and arranges chart elements in a hierarchical structure,
allowing users to navigate through different regions of the chart, including data insights,
axes, data points, and filters. Chart Reader also provides textual descriptions and non-
speech audio cues for chart elements, as well as options for comparing and filtering series

using screen readers.

Question-answering Approaches: A question-answering (QA) system can be uti-
lized to support people in working with visualizations. A system developed by Kim [62]
allows users to formulate their queries using natural utterances without needing to inter-
act with interface elements. The system supports interactions such as retrieving values,
filtering, computing derived values, finding extrema, sorting, determining data ranges,

characterizing data distribution, finding anomalies, clustering, and correlating.

Audio-haptic Approaches: Lastly, an audio-haptic interface can be employed to con-
vey line graph characteristics to blind users. A system developed by Fan et al. [34] uses
finger position and contact inclination cues along with sonification and speech output for
data exploration. The system supports gist, navigation, and details-on-demand interac-

tions.

2.5 Making Node-link Diagrams Accessible

This section reviews literature which aim to make node-link diagrams accessible for people

with visual impairments, using text-based, auditory, tactile, and hierarchical approaches.

Text-based Approaches: Similar to statistical charts, alt-text and image descriptions
are common strategies to make diagrams accessible. There exist guidelines [10, 24, 50]

and strategies [61, 32, 47| to meaningfully construct the text descriptions, and various



11

ways of automatic conversion from diagrams into text [30, 45, 76, 43, 25]. However, such
text descriptions can be limited in their ability to convey information, as they may require
significant cognitive effort, fail to convey the richness of visualizations, be insufficient for
complex visualizations, and lack consistency or standardization [50]. This can result in

perceptual ambiguity and a loss of information [14, 28, 29].

Auditory Approaches: A systematic review on diagram accessibility [91] showed that
the auditory approach was predominant to achieve perception. Interaction is not a pri-
mary focus in the current research space, and the keyboard is the main way to input
information. One approach is to combine touch and audio feedback. Audiograf [58] uses
a touch panel and audio feedback to allow users to read simple diagrams and identify
diagram elements touched with primarily one finger. Auditory feedback can also come
with other input modalities. For example, the PLUMB system [26, 22] displays a graph
on a tablet PC and uses auditory cues to guide users through the vertices and edges of a
graph. The system supports navigation via a stylus, keyboard, or mouse input, and also
provides a command line interface for editing the graph. Similarly, the GSK system [13]
is a graph sketching tool compatible with the JAWS screen reader that allows blind and
sighted users to create and access graphs as node-link diagrams using keyboard, mouse,
monitor, and screen reader input. The tool provides two different views of the same
graph: Connection View and Grid View, and allows users to adjust the amount of detail
in the auditory cues and use Edge Filtering to select the type(s) of edges. Ramoa et
al. [80] evaluated three types of audio navigation user interfaces designed on an audio-
tactile device: sonar-based, axis-based, and voice-based, all of which use sound cues to

guide the user’s hand to specific elements or positions in complex tactile graphics.

Tactile Approaches: Tactility is another commonly used modality [91]. Yang et al.
[97] discovered that the preferred tactile representation of network data for people who
were blind or low vision was using a node-link diagram, while using list and matrix views
was better for adjacency tasks. This broadly aligned with the findings for visual repre-
sentations as well. The Kevin CASE tool [15] maps schematic data flow diagrams onto
a grid-like chart without preserving the original spatial locations of diagram elements.
It allows users to read, edit, and create diagrams through tactile overlays, buttons, and

speech feedback.
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Hierarchical Approaches: Finally, some tools organize information into a hierarchi-
cal structure to make it more accessible. For example, the TeDUB system [46, 64, 78, 77|
presents technical diagrams such as UML, circuits, and architectural floor plans as a log-
ical hierarchical tree structure of nodes. Users can navigate and annotate diagrams using
keyboard or joystick input, and audio, synthesized speech or Braille output. Similarly,
a system by Metatla et al. [72] translates relational diagrams into an audio accessi-
ble form and organizes information into a hierarchical structure with two presentation
modes. Interactions using keyboard commands include browsing, expanding/collapsing
nodes, taking shortcuts, shifting perspectives, and requesting navigation information.
Kekulé [19] focuses on chemical molecule diagrams and allows users to navigate the hi-
erarchical structure of a chemical molecule using keyboard commands while receiving

speech output about the focused diagram.

2.6 Summary

Our proposed system, Touch-and-Audio-based Diagram Access (TADA), builds upon
existing work in the field while introducing several novel features that aim to enhance
accessibility to diagrams for people with visual impairments. However, our work also
differs from past literature in four unique ways:

First, it is specifically designed for node-link diagrams, and allows people to directly
query the diagram elements using audio, touch gestures and speech commands. Similar to
existing systems focused on node-link diagrams which use speech synthesis and auditory
cues [26, 22, 13, 46, 64, 78, 77, 58], TADA also uses a combination of musical tones and
speech synthesis to provide auditory feedback for the diagram elements and interactions.
In our system, nodes and links have distinct sounds that convey their attributes and
types. Interactions have associated dynamic audio cues that help support user tasks,
aligning with the guideline of providing feedback for system actions [71]. This audio
design allows discrete audio segments to be programmatically combined and scaled up
to convey more information depending on the interactions. Together with supported
interaction techniques and multi-touch gestures, TADA considers multiple aspects of
interaction and provides access to more perspectives of diagram information than most
existing touch-and-audio-based solutions [58, 85].

Second, we aim to support a rich set of interaction techniques that leverage touch
gestures and speech as input modalities. People can explore, navigate, filter, and query

the diagram using a single finger or multiple fingers sweeping, tapping, dwelling, circling,
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radiating, and using speech commands. One can also combine multiple interactions to
help further access diagram information. Existing systems on node-link diagrams mainly
rely on keyboard [13, 26, 22, 46, 64, 78, 77, 19] or stylus [26, 22] input which are alternative
modalities but could be more limited. We also recognize the benefits of text descriptions
[32] and include alt-text support in TADA.

Third, TADA also preserves the spatial layout of the diagram on the tablet screen,
allowing people to have an absolute spatial awareness of the diagram components and
their relations. A few existing systems either use a hierarchical structure [46, 64, 78,
77, 19] or a grid-like chart [15] to represent diagrams, which serve as alternative ways
of viewing diagrams but lose some spatial information as people explore or distort the
original layout of a diagram.

Fourth, TADA operates on a commercial tablet device that is affordable and widely
available, unlike many other systems that require specialized hardware using tactile feed-
back [31, 42, 80]. This could reduce barriers to system access and potentially allows users

to interact with diagrams in more contexts and environments.
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Chapter 3

Understanding How People with
Visual Impairments Access

Diagrams

Before designing a system to help people with visual impairments access diagrams, we
wanted to understand their needs, challenges, and experiences. We did not want to
create a system that would be irrelevant, inaccessible, or ineffective for the intended
audience. We also did not want to rely on our own assumptions or biases about how
people with visual impairments access diagrammatic information. We also thought it
would be valuable to seek information which could inform the design of such a system.
As a result, we conducted semi-structured interviews with 15 people with visual im-
pairments remotely through Zoom to understand their experience, challenges, current
solutions, and suggestions for accessing diagrams. We had 4 main research questions

(RQs) for the interview study:

RQ1: How do people with visual impairments currently access diagrammatic informa-

tion such as flowcharts, social network diagrams, and organizational charts?

RQ2: To what extent are people with visual impairments facing challenges when they

access diagrammatic information?

RQ3: What are the current solutions or workarounds to the challenges that people

with visual impairments face when they access diagrammatic information?

RQ4: What are some suggestions or ideas that could benefit future technology design?
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3.1 Methods

Here we describe the methodologies for our recruitment, data collection, and data analysis
process. We used the format of a semi-structured interview. This would allow us to ask
questions more flexibly and spontaneously, and allow the participants to expand upon
their specific answers to the questions. We formulated the interview questions from the

RQs by breaking them down into more specific and detailed questions for participants.

3.1.1 Participants

We recruited 15 participants who met the following inclusion criteria: they considered
themselves to be blind, visually impaired, or partially sighted; relied on the auditory chan-
nel or a combination of auditory and other sensory channels to access digital information;
used screen readers, braille-based systems, self-created solutions or other methods to ac-
cess digital information; and were 18 years of age or older. We excluded people who were
unable to utilize sound sources for accessing information.

We recruited participants by using three main sources of information: email contacts
and mailing lists of various organizations related to visual accessibility and assistive tech-
nology, social media advertising on platforms such as Facebook, Discord, and Reddit, and
snowball sampling where existing participants recruit future ones through their network.
We obtained permission from the potential organizations to publish recruitment ma-
terials through them and posted the advertisements on relevant social media channels.
Prospective participants who were interested in the study contacted us and were screened
for eligibility. We then provided them with the consent form and other study materials
and scheduled a time for a remote interview.

The participants’ demographic information is summarized in Table 3.1. 8 of them
are male and 7 are female. They range from 18 to 69 years old, with an estimated (due
to age ranges) average age of 47.7. All of them have encountered diagrams in personal,
professional, or educational settings with different frequencies from daily to sporadically.
P8, P11, P12, P13, and P14 were able to provide diagram examples to be showcased
during their interviews. They were given a remuneration of CAD$30 for each interview
which lasted about 55 to 70 minutes.
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3.1.2 Study Procedure

Before the remote interview, we asked participants to think about 3 scenarios of encoun-
tering diagrams, their experiences with accessing the information, and screen-share the
diagram examples during the interview if possible.

At the start of the interview, we inquired about the participants’ demographic infor-
mation, including age, gender, background, and description of vision loss. The rest of
the interview was divided into scenarios with respect to the encounters of participants
with diagrams.

Within each scenario of a diagram encounter, we asked about the diagrammatic infor-
mation, context of the encounter, importance of the information, motive(s) of accessing
the information, tools participants used if any, and tasks participants performed. We
then asked the participants to share things that went well and challenges during their
encounters, and workarounds, solutions, and suggestions that they might have come up
with to help them better access the diagram.

The detailed study procedure can be found in Appendix A. Here is the list of questions

asked for each scenario of a diagram encounter:

1. Describe briefly the diagrammatic information from your encounter.

2. Describe briefly the context of the encounter in terms of when, where, how, who,

and why.

3. To which degree were you successful in accessing the diagrammatic information?

(from 0, not successful at all, to 5, perfectly successful)
4. How often do you encounter such a scenario?
5. What were the motives for or objectives of accessing the information?
6. What was the importance of the information?
7. Was it an individual, collaborative, or hybrid setting?

8. What was the surrounding physical environment? For example, was it public or

private? Was it personal or professional?

9. What media was the information presented in? Was it printed, electronic, verbal,

or other?
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10. What did you do when you accessed the information? What tools did you use to

access the information, if any?

11. What types of tasks do you do with the diagrammatic information? (Some examples
include getting a general idea, searching, exploring details, browsing, navigating,

and annotating. )
12. What went well and smoothly when trying to access the diagram?

13. What were the main challenges that you encountered when trying to access the

diagram?
14. How did you try to address these challenges, if at all?

15. Do you have any ideas that would help you access diagrammatic information in

better ways?

3.1.3 Data Analysis

We used thematic analysis with open coding to analyze the data [2]. This methodology
was appropriate for our interview and RQs because it provided flexibility and allowed us
to be open to finding high-level insights that we might not specifically look for. At the
same time, it kept us focused on the topics of interest and relevance, balancing between
structure and openness.

We transcribed the interviews and open-coded the transcripts in NVivo [69]. The
transcript of P1 was first coded, and the resulting codes were initially grouped. A vastly
different transcript was then chosen to be coded next to broaden the possible scope
of the codes. After coding these two transcripts, we discussed about refining, adding,
and removing codes, and an initial codebook was created and used to code the remaining
transcripts. New codes were added as they emerged, and we went back to older transcripts
to apply the newer codes. This was an iterative process.

After we finished coding and finalized the codes, we performed affinity diagramming
[55] using index cards, post-its, pins, and a bulletin board to further cluster the codes

and discover themes that are distinctly separate from the codes and research questions.
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3.2 Results

In this section, we explain the results in terms of the importance of diagram informa-
tion, the factors affecting diagram accessibility, the instances where diagrams may be

unnecessary, and how these connect back to the research questions.

3.2.1 Motivations behind Diagram Accessibility and Importance

of Diagrams

Participants found diagrams important for several reasons. In work settings, certain
diagrams contain crucial work-related information (P1, 2, 7) such as Swim-lane diagrams
for project management. In educational settings, diagrams are almost unavoidable, and
they help present concepts and supplement other learning materials (P2, 3, 4, 5, 6, 8).
In personal settings, diagrams can be accessed for personal curiosity or leisure purposes
such as exploring the layout of a geographical area or browsing the internet (P4, 7, 8,
10, 11, 13). Sometimes, participants accessed diagrams because they wanted to verify
the information to be relevant and accurate when they wanted to share diagrams with
other sighted people (P7, 13, 15). In general, participants found diagrams to be a way
to enhance or support existing information and benefit the learning process (P1, 2, 5, 6,
8, 11, 12), present “specific information that’s only [in a] diagram” (P2) and may not be
accessible otherwise (P1, 2, 7, 12), present the spatial locations of objects (P8, 10, 12,
13), and highlight the relationships between objects or systems (P2, 8, 12, 13).

3.2.2 Factors Affecting Diagram Accessibility

One of the main recurrent topics in the participants’ answers was the factors that affect
whether they could succeed at accessing the diagram information or not. Participants
reported a wide range of factors, which we report in three groups: personal differences,
the properties of the diagram itself, and the contextual factors of the situation when
a diagram was accessed. Personal differences refer to the unique characteristics of the
participants, such as their experience with diagrams and tools, different skill sets that
benefit themselves in different ways, and different objectives in accessing the diagrams.
The properties of the diagram itself refer to how it is produced in terms of accessibility and
modality of access, and how the quality and quantity of the accessible information vary
which in turn affect participants’ perception. The contextual factors of the situation when

a diagram was accessed include factors that are not directly related to the participants
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or diagrams but can affect participants’ access to diagrams, such as the availability of
accessibility tools, the availability and helpfulness of people who were sighted, and a lack

of reinforcement of accessibility standards.

3.2.2.1 Individual Differences of Participants

Participants often described how their personal abilities, experiences and goals directly
affected their likelihood of success when accessing information. Sometimes participants
also offered insights about how they thought others’ abilities and skills would affect them.
This diversity in individuals and personal circumstances is a recurrent topic in multiple
studies of the blind and low vision community [49, 37, 38, 94], yet it is valuable for us to
highlight the particular ways that our participants explicitly identified. We group these
in terms of cognitive spatial ability, experience with diagram topics, accessibility tools

and modality of access, and goals.

Spatial Cognition: A large number of participants commented on the importance
of the spatial information contained in diagrams (N=13). For example, P2 explicitly
highlighted that it is crucial to understand the “items” in a diagram, the “relationships
of space and the items that take up the space”, and the “space in between them”. This
indicates that there is substantial awareness of the importance of the spatial aspects
of the representations in diagrams. Yet, participants also commented on how people
with different levels of visual perception and, crucially, with different onset of vision loss
(from birth, as children or as adults) might encounter significant challenges to access
this information. P11 (one of six participants commenting on this) comments that I
have that spatial awareness. Some blind people do not have [it], especially [those] blind
from birth; They don’t develop that spatial awareness.” P10 who was born blind further
explained: “It’s the hardest thing ... Spatial understanding is a real challenge for blind
people because they don’t have that learning that children have and young people [have]
i looking at maps, understanding scalability, understanding by looking at something,
understanding the scale, and then understanding the distance. It’s something which often
blind people, especially people blind from birth, don’t have - there hasn’t been a lot of ways
for that to be learned.” .

Experience: The level of proficiency with accessibility tools could also influence one’s
success in accessing diagrams. P15 explained: “I know there’[re] people out there that have

super JAWS [which is a screen reader program/ skills and they could probably interpret
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a graph on a web page because there’re probably ways of figuring it out ... But a super
JAWS user ... that’s 2 or 3% of the people that use the program.” Having a higher level
of proficiency with tools can give people a higher degree of access, but not everyone has
that level.

According to some participants, having prior experience with the background of the
diagram could also help with understanding. P2 said: “I had no problem knowing [di-
agrams about ergonomics| because of my kinesiology background in school, and all our
diagrams are way more complicated, so I had no problems memorizing, or even being
able to memorize it so well that I can talk about it.” However, even when someone is an
expert in the topic of a diagram, there can still exist a barrier to accessing or understand-
ing it. P1, a professional project manager, struggled to make sense of Gantt charts which
are “painfully inaccessible”, and Swim-lane diagrams which were “crucial [but] difficult”.

Some participants built metaphors of diagrammatic information by associating it
with familiar physical objects. P4 commented: “My first step basically is to try to match
whatever diagram I'm feeling to a shape or 3D form that I feel on a reqular basis ... If
it’s a graph, then I would try to picture a flat surface like a wall, and then imagine the x

and y axis on that.”

Familiarity with Modalities: Individuals also reported different abilities and pref-
erences regarding the modality used to render information (e.g., audio vs. tactile). P2
(who lost vision later in life) speculated that the use of audio might be better suited for
people who are born blind: “I think people who could see before may have a better chance
at doing that, because ... the visual cortex of their brain hasn’t been rewired as much as
people who were born blind. For people who are born blind, or if there are people who
lose their sight earlier, the longer you spend being without sight, the more your visual

)

cortex gets rewired to the audio.” However, P6 (who was born blind) commented that it
depends on the individual: “Sometimes it’s just the audio is [kind of] hard ... depends
on how each person learns. If it could be more hands-on [and tactile, it] might be helpful

to other people.”

Individual Goals: Participants identified that success in accessing diagram informa-
tion depends on what the individual needs at that particular moment. P12 explained
that an inherent limitation of using screen readers is that they could give unnecessary
details that the participants do not want or need: “I don’t really need to hear the website

every time ... I don’t need you to spell out or to list every single researcher ... Can we
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skip that part? Sometimes, you just want to skim something, and you can’t. You can’t
do the “cheaty” short[cut] method of looking at the diagrams [visually] and inferring the
information.” With textual descriptions of diagrams, people have to listen to everything
in order to look for the pieces of information they are looking for, and this could be
time-consuming and frustrating.

P6 used the diagram example of a computer networking diagram and explained that
the accessible information might not be enough for tasks which require more details:
“If this had come with an instruction to say, ‘I need you to set up the office,” then [
probably would have thought: ‘oh, I don’t have enough information.’ ... I think it makes
a difference too if I actually need it for something [to perform tasks on/, or if it’s just
kind of something that’s just there.”

Participants also highlighted how sometimes the accessible information is not related
to what a particular user wants at all. P10 gave a related example: “In some instances, [
could see individuals who are looking at that diagrams who want to understand the design,
or they want to understand the layout, and they just don’t want the statistical information
[which was made accessible] ... they want to understand the lines and the flows and that
sort of information. So it’s a big challenge.”

The examples above indicate that there can be a mismatch between the way that
a diagram is accessible and the particular goals that a participant has. Although some
information is accessible, it might not help people achieve their goals effectively or effi-

ciently.

3.2.2.2 Properties of Diagrams

Participants reported that the accessibility of a diagram depends on its complexity, how

it is made accessible, and its different representations.

Amount or Complexity of Information in Diagrams: Multiple participants (N=11)
explained that when the amount or complexity of the information from a diagram gets
too large, they fail to understand the diagram or take a long time and lots of effort to.
P2 explained: “If you put too much information in one thing, it’s harder to decipher,
or you spend most of your mental efforts targeted towards deciphering. But then, now
you miss the understanding.” This is echoed by P4’s experience with an alternative text:
“It’s so much more wordy or long that while I'm trying to read it, I get lost because I'm
trying to absorb the information - important information, and I kind of lose track of

that reading, like the huge chuck of the paragraph, and it really doesn’t have to be that
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way.” P14 also explained that sometimes visual visualizations add more complexity to

the diagrams: “Sometimes in diagrams, it can be more complicated because researchers

might perhaps use colour to signify ... something special ... Some diagrams have that

extra layer of complexity with different colours, or the font, or the bozes, etc. and so that
. it makes it just more of a challenge I think.”

However, participants also described some general strategies to prevent the diagram-
matic information from getting too overwhelming. Dividing the information into chucks
could make the digestion of it easier, as commented by P2: “/The diagrams] become un-
wieldy or too much information at once. It’s always best to simplify and break up the topic
into multiple diagrams, or you risk making it useless.” For tactile diagrams, if multiple
attributes need to be shown on a single diagram, P11 explained that having different
tactile textures help distinguish different parts of the diagram: “It’s to interpret the lines
of the edge of a lake, as opposed to something else, to keep it all kind of segregated or not
get the lines confused, and to retain the whole perspective of lakes and rivers and that
kind of stuff.”

P8 explained that a related strategy is to gain an overview of a diagram first to
understand the general layout, and then gather the details using diagram descriptions:
“Don’t zero in on detail first, start with a basic outline and then try filling in the detail.”
P15 also confirmed: “You have to tell the basic first and then you tell the details of it ...
You have to draw the picture clearly first, and then you get the information.”

The clarity of the information in diagrams is also influenced by the intersection of the
complexity of the diagram and the objective(s) of the audience. As we discussed in Section
3.2.2.1, different participants have different goals in accessing diagrams, which affect how
they perceive the relevance and completeness of the information. When a diagram is
relevant, keeping the accessible information concise is also important as mentioned by P3:
“I think just keeping it as simple as possible while still conveying the relevant information
1s really the key to a good diagram.” This is confirmed by P4: “When I'm trying to listen
to a diagram, I'm looking for conciseness ... I don’t want it to be an essay. I don’t want
it to be like long sentences, because I don’t care about grammar, or I don’t care about how
detailed something is. I just care about getting the information in a short and concise
manner that I can easily take in without getting overwhelmed.”

Some also managed to create alternative representations of a diagram. P7 said:
“Sometimes you have to come up with new ways of representing things ... so that you

know this relates to this, but in an alternative way it relates to that as well.”
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How Diagrams are Currently Made Accessible: 14 participants reported encoun-
tering diagrams that were either inaccessible or insufficient for their needs. P1 states that:
“In the real world, people don’t know how to produce information accessibly, like that is
just a battle that unfortunately will never end in my lifetime ... It’s just the way it is
and people don’t know ... what they don’t know.” P2 affirmed this experience, explaining:
“Sometimes you might get the alt-text, but the annotation boxes may not be accessible ...
or sometimes you get the annotations mixed in with the reqular description, but they get
pasted in like ... they all ... shuffled in each other.”

Some resorted to using workarounds. P5 said: “Unfortunately there was no alt-text
for the screen reader to [read] ... [because] people didn’t construct alternative text to
it. So you have to use OCR to try extractfing] as much information as you can.” P9
showcased how a document containing diagrams was accessed using a screen reader which
only managed to tell the user that there is a graphic present “which means nothing to
me”. P12 also states: “It tells us everything on the other [textual] pages, and then you
hit the page with the diagram, and it stops.”

P2 added that sometimes the quality of the accessible information is poor: “They are
accessible in the way that the computer will read them out automatically as it goes through
the web page. But then the understanding isn’t always there, because the descriptions are
either half-heartedly inputted in or they’re not well thought out.” P9 also highlighted the
observation that alt-text made for images is better than for diagrams: “I haven’t really
found too many graphs in diagrams that were really extremely well done.”

P9 commented on the limitations of new computer vision technology in resolving ac-
cessibility barriers: “Al and stuff like that aren’t quite accurate yet.” P7 also confirmed
this, stating that “It doesn’t always give you the details ... Mostly, if you’re asking what
I use them for, it’s just so that I know what’s in the picture.” While these technolo-
gies are being developed to help recognize visuals in a diagram and build a description
automatically, the generated descriptions might not be detailed enough or accurate.

In fact, even when a person with vision loss is involved in the design of a diagram,
the diagram still gets made inaccessibly. P12 who is a researcher states: “I'm part of the
problem is what I'm saying. I'm part of a group that’s creating material and it’s not all
accessible.”

Nevertheless, sometimes diagrams are well-produced in an accessible way. P4 praised
that the university P4 attended provided the needed resources: “Here in a college setting
... people are a lot more aware of these technologies, so I've encountered a lot more actual

descriptions with images and diagrams in terms of getting it in either braille format or a
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described text ... These people are usually expert at this, and they do a very good job at
converting these diagrams to an accessible format ... [providing the] details that I'm able
to get out of it, and the flexibility - since it’s something that’s with me, I don’t have to
keep asking people or anything. [This] is also a plus point.” P7 confirms this experience
with alt-text: “If the human-generated alternative text is done well, then you can gain a
very good picture of the diagram.” P3 also shared the experience with well-constructed
tactile diagrams: “It was spaced out really well, and it wasn’t just a big clump of lines. It
was very easy to differentiate one part from the other.” Hence, when a diagram is made
in a way that is not only accessible but is also clear and gives relevant information to the

audience, it would contribute to one’s success at accessing and interpreting it.

Representations of Diagrams: According to participants, diagrams are usually pre-
sented to people with visual impairments in four ways: printed, digital, tactile, and
verbal. Each method has its own advantages and disadvantages.

Printed diagrams can sometimes be accessed with visual assistance like a digital mag-
nifier depending on the degree of participants’ vision loss. However, as confirmed by
P10, it is often difficult, time-consuming, and limited: “It was just too bulky and too
time-consuming, and as my vision went [worse/, it was just too difficult because you also
get a little motion sick as you’re moving the paper around trying to get it lined up under-
neath the camera ...” and “.. With paper, the limitation is that there’s no ability to get
additional information.”

P1 explained the limitations of accessing digital diagrams via a screen reader reading
the text description: “/The alt-text] gave me a sense of what it was about, as alt-text
should ... Alt-text is meant to basically give you the ‘need to know’, but in terms [of what/
I wanted to know ... [For example,] where do the different branches [in the diagram] go?
And ... what’s the relationship? There was no description of that.” This highlighted
that digital diagrams, when accessed via a screen reader, only describe what counts as
necessary to the designer of the description and do not provide freedom to the participants
to choose which pieces of information are to be accessed. P2 commented on the possible
technical limitations restricting the amount of detail included in alt-text: “You can’t put
in so much description, whether it [is] because of the space, the amount of characters that
are allotted to alt-text, or it could be because the description will become too clunky for a
person to remember or visualize.”

A description is also a linear way of accessing information and this can be limiting, as

confirmed by P4: “Alt-text is very linear and sometimes diagrams do need to be accessed
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i a way where you need to actually observe the entire diagram itself.”

While some participants reported limitations of alternative text, others also mentioned
its advantages. When details might be missing, the description can serve as an overview
of the diagram which help with their understanding as mentioned by P14. Tasks such
as gathering data points and comparing data could be easier with a description, as
commented by P4: “Collecting data from the diagram ... like values ... is more easily
doable with the alt-text” as compared to using tactile diagrams.

When the descriptions are constructed well, they can be accessed and referenced
reliably as many times as P4 wants in P4’s coursework: “I can actually rely on people
who ve actually kind of made sure that this is an as accurate description as possible, and
it’s something that I can just rely on and go over as many times as I want, because it’s
something that’s basically at my disposal. So just like people looking at those diagrams, I
can just read it or feel it as many times as I want. So that’s definitely a plus point.” In a
professional setting, however, “lemployers] have to spend more money to make a special
text description, and then that oftentimes does not happen because of budget; That’s more
money” as explained by P2.

Some participants thought that tactile diagrams could better support tasks such as
navigating or observing the entire diagram. P4 said: “When you actually need to observe
the diagram, and you [want to] know what’s going on, then I would definitely prefer
navigating ... which currently I do to the tactile or braille.” P11 explained: “[If] it’s the
tactile access, you can very easily move around, whereas if it’s in text which is presented
audibly, then you have to work your way through sometimes, which takes longer.” P4
also contrasted tactile diagrams with alt-text: “Alt-text is very linear and sometimes
diagrams do need to be accessed in a way where you need to actually observe the entire
diagram itself.”

At the same time, P10 states the drawbacks of tactile diagrams: “The vast majority
of [tactile diagrams] are useless, that they don’t provide the reference of information, or
that they’re too difficult for the users to discern, or there’s a lack of standardization in
the type of legends that are used for what certain elements are.” P15 commented on the
challenges with tactile diagrams often needing to be specially made and costing time:
“[Tactile diagrams] are just not quick enough [to be accessed] ... Somebody had to mail
that out to you ... The information should be just as quick to get as it is for somebody
that doesn’t have a visual impairment.”

When participants could not gather information independently from a diagram, they

often result to a verbal description of it from someone else who is sighted. We discuss
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this more in the next section (Section 3.2.2.3).

3.2.2.3 External Factors from the Larger Environment

Aside from one’s abilities and experience, and properties of a diagram, participants also

recognized the effect that the environment and context have on accessing diagrams.

Access to Tools or Other Resources Available: Existing tools help people access
diagrams, but they might not be accessible due to monetary cost or time cost. P1
explained: “If there are tools available, they’re probably thousands of dollars because
anything accessibility-wise is thousands of dollars.”

Some participants mentioned that in an educational setting, there were organizations
that specifically help make learning materials accessible by including descriptions or pro-
ducing tactile diagrams, but similar challenges could apply because the process of making
information accessible could be time-consuming. P9 sent a textbook to an organization
to convert the images into descriptions but P9 “/had not gotten] the textbook back yet due
to a backlog.” although the aim was to deliver the accessible materials ahead of classes

starting.

Access to Sighted People Around, and Their Interpretation: Asking others who
are sighted is a common workaround for many when the diagram is not accessible (N=14
of our participants reported this). However, participants also discussed the associated
drawbacks of this strategy because other people might not always be available, and it is
inconvenient as P1 expressed: “The more you have to rely on sighted people for something,
no matter what it is, it’s already inconvenient ...” and “.. Getting sighted people is a
privilege and added premium. I can get them if I need them, but I have to ... weigh my
favours.”

Even when sighted helpers were available, this approach could still fail. P1 added that
if the other person does not know certain domain-specific knowledge from the diagram,
it is still difficult: “If they don’t know the terminology, they’re not gonna be able to
provide it to you in a way that you’re gonna understand.” P11 also commented that the
others’ descriptions might lack interpretation: “Fven having someone read it for me, they
wouldn’t be able to interpret it well enough for me to gather any information from it.”

Furthermore, participants highlighted that due to the verbal nature of asking someone
else to describe, they had to receive and process the information in real time which can be

challenging. P8 said: “When people try to explain it verbally, it’s actually very challenging
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to put it into the spatial position in your brain.” hindering the understanding of a diagram
as a result.

Participants were also aware of the cost of subjectivity and filtering by the interpreter,
which would restrict the amount and perspectives of the information that participants
receive. P10 who desires complete information and the freedom to decide on which infor-
mation is important commented: “/The sighted interpreter] edits all the information for
me, and I keep pointing out [that] I want to edit the information. I want [the interpreter]
to give me all the information; I'll make up the decision [on] what to omit.”

Participants also reported emotional and social implications, as sighted helpers might
become frustrated when communication is not effective, leading to potential social costs.
P10 continued: “I'm married, and I want to stay married, so I only get my wife to
help me so often, because we tend to fight early on in the stage of [her] interpretation.”
P10 then added that when the emotion gets intense, giving up on accessing the diagram
happens often as well: “A lot of time you just give up because you don’t want to alienate
a person who’s trying to help you. I mean it becomes an interpersonal dynamic - it can
be challenging.” P8 also commented: “You can sometimes drive people crazy when you
really want to understand something, and some people don’t have the ability to explain
it to you easily. People get frustrated because they want you to understand with their
explanation, and if you’re not getting it, then there’s a frustration level.”

Moreover, others’ descriptions could be inconsistent. P8 had to sometimes combine
multiple perspectives from others: “Fuverybody has a different way of explaining some-
thing, and if somebody missed some key things, then it’s important to get an explanation
from 2 or 8 people, and then I can put things together better.”

In a professional setting, P2 highlighted: “The problem is, what if you can’t ask
colleagues, or what if your promotions are dependent on you, looking like a person who’s
self-reliant? Now you look like you need more help than you really do.”

Others have expressed concerns with privacy having someone looking at a digital
diagram on their devices. P3 said: “I just kind of feel weird about other people looking
at my phone, even if I'm not looking at anything ... It’s my private thing. But certainly,
if it was like something that I needed right now, and it was a time-sensitive thing, and

there were people around to ask when I would ask them, then yes/, I would ask them/].”

A Lack of Reinforcement of Standards: Alt-text standards exist ([10, 24, 50]) and
7 participants reported advantages of having alt-text as a way of accessing diagrams

outlined in Section 3.2.2.2. However, such standards have not been reinforced especially
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for digital diagrams. P2 said: “I think there need to be standards that need to not only
be put out there, but also enforced and monitored so that if there’s something that’s
outdated the standards can be updated ... or made to fit more evolving needs ... They’re
not even taught mostly in lots of web development courses and universities these days.”
This resonates with comments from P1 and P2 in Section 3.2.2.2 that despite existing
standards for producing accessible information, many people are still not aware of them

or do not know how to apply them effectively.

3.2.3 Unnecessary Diagrams

Diagrams are not always necessary because some of them can often be easily described in
text. As explained by P2, people have the tendency to think that visuals are “more fun”
and easier to understand than text, but this depends on the information and context.
For example, P2 mentions that diagrams used in coursework for professional development
packages “can be so easily described in a couple of paragraphs”. Additionally, certain
information in a diagram may not be essential for the learning outcome and does not
need to be included. In some cases, diagrams can be very simple and the textual version
of them can be easily understood.

This also contributes to the difficulty of having equal access. P10 said: “Often ... [a
diagram is] not that important [and] I can do without knowing this information, which
1s too bad because you’re basically not being able to access the same information of your
[so-called] sighted counterparts, whether it’s as personally or professionally, so you’re

acting on less information.”

3.2.4 Summary of Answers to Research Questions

Below we summarize the answers to the 4 RQs.

Answering RQ1: The majority of participants indicated that diagrammatic informa-
tion is currently accessed through written or verbal descriptions, or tactile diagrams based
on the representations of the diagram and the availability of tools such as screen readers.

Encounters with diagrams usually happen in work, education, or personal settings.

Answering RQ2: Typical challenges with accessing diagrams from what participants
reported include diagrams simply being inaccessible or not meeting the needs of the

people accessing them. When the diagram gets too large or complex, it is hard to
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understand or takes time and effort to do so. Asking others can be inconvenient, not
helpful, subjective, and frustrating, and it can also raise privacy concerns if someone else

must look at the diagrams shown on personal devices.

Answering RQ3: Participants reported several current solutions to these challenges,
including dividing information into chunks, gaining an overview before details, using
different tactile textures or symbols, combining multiple perspectives or sources of in-
formation, and seeking external help or support. However, these strategies also had
limitations or trade-offs, such as time cost, monetary cost, social cost, privacy cost, or

cognitive load.

Answering RQ4: Some suggestions or ideas that could benefit future technology de-
sign include enforcing and monitoring accessibility standards (P2, 10, 15). For a complex
diagram, breaking it down into smaller parts can make it easier to understand (P2). The
components in a diagram should be nicely spaced-out reducing confusion caused by clut-
ters (P3, 11). Simplicity and conciseness are important to only show what is relevant
(P3, 4, 14). In terms of using audio to help access diagrams, distinct sounds should be
used for different purposes (P1, 2). There needs to be a legend for the audio mappings
between sounds and their meanings for people to refer back to (P1, 2). When navigating

a diagram, there should be a mechanism to keep people on track (P11, 13, 15).

3.3 Insights

The analysis that we carried out on the interviews have led us to conceptualize the
difficulties and challenges and behavior when accessing diagrams. In this section, we
report a conceptualization of this space based on the findings above as well as other

comments and ideas by participants that go beyond the answers to RQ 1-4.

3.3.1 A Framework to Incorporate the Findings: Ladder of Di-

agram Accessibility

We have conceptualized that there are 6 levels of diagram accessibility from the lowest to
the highest degrees of accessibility: not knowing the existence of a diagram; knowing a
placeholder of a diagram; accessing a static single view of a diagram; accessing multiple

perspectives of a diagram; conducting dynamic queries about a diagram; and achieving
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complete and equal access to diagram data. We climb up the ladder and explain each level
of it. As we explain, we also make connections to our findings and the data-information-
knowledge-wisdom (DIKW) pyramid [81, 35].

Based on previous literature reviews [49, 63], the levels of information access from the
ladder also partially align with the information granularity and accessibility dimensions,
although these are meant for all data visualizations and not just diagrams. They have
found that the most basic level of information access is informing about the existence of
a visualization, which also aligns with the lower levels of our proposed ladder of diagram
access. The next level is about overview, and the highest level is about gaining different
types of details such as data values, data trends, and context. These also align with
the information people could gather and interpret at the higher levels on the ladder.
We also highlight the challenges preventing people from moving up the ladder at each
level, opportunities enabling people to move up at each level, and the various pathways

navigating through the levels.

3.3.1.1 Bottom Level (1): Not Knowing the Existence of a Diagram

At the bottom of the ladder, people are unable to perceive a diagram because its existence
cannot be known. They have no options but miss the information involuntarily. P12
showcases an example where the screen reader skips a diagram completely, and P15 also
commented “I honestly wouldn’t be able to tell you if there was a diagram there or not.”
In a related example by P14, a diagram in a PowerPoint slide reads “embedded object”
by the screen reader, signalling that there might be information, but the placeholder
fails to inform P14 it is a diagram, leaving P14 confused and “/had] no idea what that

[meant].”

3.3.1.2 Level 2: Knowing a Placeholder of a Diagram

Moving up a level, the existence of a diagram is made known to people with a place-
holder. For example, screen readers can at least inform people that a “graphic” exists
(but not all the time). P9 showcased this in our interview and commented “/It] means
nothing to me” and this is not useful in accessing the actual diagrammatic information.
Without such access, people cannot decide if the diagram is relevant to their needs and
if its information should be accessed or to be ignored. P10 commented “/I'm/ constantly
making the assessment [of] how worthwhile [the diagram is] for me to understand” and

this is confirmed by 4 other participants, but they cannot do so with just a placeholder.
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This places an extra load on the people because they now have to spend more time and
effort to find out what the diagram is about. This disadvantages people with visual
impairments differentially because they do not have the same access to the visual infor-
mation that sighted people have when they encounter a diagram. They may miss out
on important or interesting information if they decide to skip a diagram that has only a
placeholder.

Independent access to diagrams is also impossible. P1 shared the fear of getting a
professional designation: “I'm quite terrified about that because ... I don’t know yet if
they have an accessible way [for me] to access ... the study guide.” From here, people
could try workarounds, or they just give up when no other resources exist for them, or
the workarounds take too much time or effort. These will be explained in detail at the

level above on the ladder because they also apply there.

3.3.1.3 Level 3: Static Single View of a Diagram

Most of the data that we gathered from the interviews is about this level of the ladder.
This implies that people can often access a single, static view of a diagram, such as
a textual, verbal, or tactile representation. However, their ability to understand the
diagram to meet their needs depends on various factors (explained in Section 3.2.2). If
these factors are not favorable, people may have negative experiences or be unable to
comprehend a diagram successfully.

If the static single view of a diagram is limited, it can be difficult for people to
understand. This can happen if the diagram is not produced with accessibility in mind,
or if the diagram contains too much or complex information. This makes it insufficient,
confusing, or difficult for people to understand, visualize or retain the information. As
a result, independent access to the information becomes harder. P12 said: “Sometimes
there’re things in diagrams that I don’t know if they’re there until somebody points it
out.” Again, people might choose to give up, or turn to workarounds such as asking
others who are sighted, finding alternative sources of information, using other tools, and
repeating accessing the diagram in hope to gain more understanding of it. The associated
challenges with asking others have been explained under results (Section 3.2).

Another common workaround is finding alternative sources for the same information
elsewhere (N=11). P2 gave an example of not being able to access a hiking map and
resorting to finding other “people’s experiences from their own written journals ... to get
more details [to] fill in the blanks.” P9 also searched for alternative diagrams on search

engines to find one with alternative text description if a sufficient degree of knowledge
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of the diagrammatic information was attained. However, there is no guarantee that the
alternative sources are accessible and useful to the people, and finding a good one can
be time-consuming. P10 said: “When I don’t get that information ... I go to the other
avenues which that information is [in] an accessible format for me ... I read through all
the information, so it’s a much more cumbersome and time involved way of discerning
the information. But at the end of the day, it’s the same information, just I've had to
spend a lot more energy to get it rather than looking at the diagram.” Additional tools
could also help sometimes but they also have their own limitations. P5 commented on
the usage of optical character recognition (OCR) to grab the text from a diagram going
from left to right and from top to bottom, but it could also be time-consuming and
sometimes limited in reflecting the connections between diagram entities. Lastly, people
could try again accessing the same view of the diagram, but this takes efforts and time, is
limited to one perspective only, and might create more frustrations. P3 said: “I would try
until the bitter end, until it looks like I can’t handle this anymore, like I'm frustrated.”
If people succeed in their workarounds and are able to gain more perspectives of the
diagram beyond the single view given previously, they have advanced another level up
the ladder.

Nevertheless, if the factors affecting access to a diagram are positive, people can have
a useful single view of the diagram. This means that this diagram takes advantage of its
representation (being digital, tactile, printed, or verbal), has good accessibility, and is
clear to understand. It also means that the diagram meets the audience’s goals. People
can successfully complete multiple tasks at this level of the ladder and above. Such
tasks include distinguishing different components of a diagram, finding relations, finding
whether a certain element is in the diagram, and comparing one data element to another.
Most of these are related to the data and information level in the DIKW pyramid, with
one exception being data comparison which is more about knowledge.

We notice that a static one-size-fits-all type of solutions that is sometimes offered as
the golden standard (e.g., a well-made alt-text description) does not optimally support
people when they have different task needs or goals. There are tasks which people with
visual impairments could perform to help themselves move up a level on the ladder by
gaining more perspectives of the diagram, such as gaining an overview, and making notes.
These new perspectives could help them to achieve more knowledge as well.

An overview of a diagram refers to a quick summary of the semantic information, the
spatial information, or both. 14 participants commented that they would try to gain an

overview first. P1 said: “I would probably use [an overview] to search the information.
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I would definitely use it as a reference going forward, and to get the key information I
need from it.” P8 also said: “If I had a basic outline of [the diagram/, it would speed up
the understanding tremendously.”

Note-taking is another important task that can be easily overlooked. Several partici-
pants mentioned the need to save information they have processed about a diagram for
future reference or to enhance their memory. This can be done through making notes in
separate documents, or annotating which involves inserting information directly into the
diagram representation. Both methods help with understanding and memorizing the di-
agram. If given an editable written description of a diagram, P1 and P4 commented that
they would utilize special symbols to be inserted into the description for future reference
by searching for the symbols. If not editable, additional notes are often made. P1 said:

“I'll write out in text as best I can...noting all the pertinent information within it.”

3.3.1.4 Level 4: Static Multiple Perspectives of a Diagram

Moving up another level, having access to multiple perspectives of a diagram can provide
people with a more comprehensive understanding of the information it contains. By
viewing the diagram from different angles, people can gain different levels of information,
cross-reference with other perspectives, and find commonalities between them. This helps
with gaining knowledge about the diagram. Additionally, tasks such as summarization
and reflection allow people to gain deeper insights into the information presented in the
diagram.

Cross-referencing is a way to reinforce their understanding of a diagram, if multiple
perspectives exist and can be accessed. P2 said: “As you’ve seen in textbooks ... the
diagram is there to reinforce the learning outcome or to support learning. So then, what
you can do is you can take the more clunky road of trying to figure it out just from the
text and the writing in the book, or vice versa.”

Finding commonalities between perspectives or views can also be achieved. P2 com-
mented: “Looking at diagrams to set up tarps with ropes to make different kinds of shelters

... Look for the commonalities ... and then afterwards look more deeply into each setup

to determine the specifics ... You’'re looking for common words as well, for example ...
check which knot is used ... [and] twenty-five different setups ... may all use the same
knot.”

Summarization of multiple perspectives is one way to generate insights. P14 explained
using an example diagram of a theoretical model and the written article containing it:

“Summarizing this model [is basically] what the original article did, but in my own words
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of explaining this model and then also discussing how this model is relevant to the
study [for my] dissertation, so how it’s relevant, how it applies.”

This also leads to the task of reflection. P12 elaborates: “Typically a diagram ... is
meant to bring other information to mind, right? It’s a concise guide to a bigger theory

You might ask related questions ... and consider them and discuss. So ... what do
you think this diagram means? And then starting to think about examples, or why is it
important that these [things in the diagram] are related? How, why do they need to be
together as opposed to separate?”

Although this level on the ladder can enable better accessibility, it still has some
barriers. A lack of consistency in the information accessed from multiple perspectives
could happen, as outlined by P11: “The challenge is ... [to] work out [multiple accesses to
information/ that are going to work universally [so that] I, the next person, and the next
person after will be able to interpret them all in a similar way.” P10 also commented: “It
might work on one set of charts, [but] even within the same website it [might not] work
on another.” More confusion could be resulted, and more time needs to be invested to
understand the inconsistent differences between perspectives. Moreover, when switching
between an overview and the details, information might get missed. P14 demonstrated
that during the process of understanding the outline of the diagram as an overview,
the details of entities were neglected: When P14 read the text of the diagram entities,
connections between entities were sometimes missed. As we continue moving up the

ladder of access, these barriers could be better overcome.

3.3.1.5 Level 5: Dynamic Queries about a Diagram

The higher we are on the ladder, the less data we have from the interviews implying that
few people have achieved higher levels of accessibility. This level is about people being
able to conduct dynamic queries about a diagram. For example, a tool P5 mentioned is
an app called “Be My Eyes” [33] which has volunteers helping people see their surround-
ings through the camera view. In this way, a back-and-forth conversation between the
volunteer and P5 can help P5 ask more targeted questions to gain a better understanding
of the diagram. This can be more effective than asking a sighted person who might not
have the expertise or patience to explain the diagram well, or who might not be available
when needed. Moreover, a back-and-forth interrogation of the diagram with someone
who is sighted can result in social cost and negative emotions (as explained in Section
3.2.2.3) as the helper can become alienated, frustrated, or impatient when they cannot

explain the diagram in the way the inquirer wants. Asking other people for help can
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also depend on the availability and willingness of the sighted person, which can limit the
access to diagrams at any time or place.

P3 also commented on the experience of encountering a diagram on Twitter: “I
would probably just tweet the person and ... ask a specific question about it.” P8 also
described a dialogue with architects to clarify the exact structure of a building. Through
such interactive exchange of information, people could more effectively gather and filter

information, and form knowledge and insights related to want they want to know.

3.3.1.6 Top Level (6): Complete (and Equal) Access to a Diagram

The complete access to a diagram would help people independently consume a diagram.
This also helps achieve equal access where all individuals can “have the same opportunity
to get an equal level of understanding” of a diagram, as defined by P2, but no data
suggests that this has been achieved. Going beyond this, it is also challenging to achieve
equal access without costing time or money. Even when complete access to a diagram
is granted, more time could be spent on absorbing all the information. P14 commented:
“I think a person with sight really could like, boom, they could kind of answer the simple
question really quite quickly, just like looking visually at the bars ... For me, it took more
time and effort.”

We also note that a diagram is just a way to represent information, and this top level
aims to achieve complete access to the information (and not necessarily the visualization
of a diagram). This means that the top level of diagram access is not just about being able
to completely see or understand the diagrammatic representation itself, but also about
being able to access the underlying information that the diagram represents. The goal is
to provide equal access to the information, regardless of how it is presented or represented.
This can empower people with visual impairments to make their own decisions and draw
their own insights from the data, without being limited by the format or presentation of

the information.

3.3.2 More on the Relationship Between the DKIW Pyramid
and the Ladder of Diagram Accessibility

Being on different levels of access on the ladder affect which level people could be at
in the DKIW pyramid as well, and generally a higher degree of accessibility leads to
a higher-level representation of knowledge, but sometimes, a higher level in the DKIW

pyramid can be achieved at a lower level on the ladder of access. For example, a well-
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constructed description of a bar chart is sufficient to not only read people the values as
data and information but also support them in comparing the values as knowledge, as
P4 confirmed. In addition, moving up the DKIW pyramid and generating insights are
not what people want to achieve all the time because these depend on the goals of the
individual.

It is important to highlight that because the accessible information tends to be a
processed filter of the diagram data, such as an interpreted description, people might
not get a chance to access the complete objective data. The accessible view(s) of a
diagram could already contain information, knowledge, and even insights which people
could directly gather, but this limits their freedom for them to decide on what to do with
the data themselves. The top level on the ladder would provide the complete information
without any filtering or interpretation, allowing the user to access the diagram as it is.
People at the top of the ladder could also choose how to filter or interpret the information

according to their own needs and goals, rather than relying on someone else’s perspective.
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Chapter 4

Designing a System Enabling
Touch-and-Audio-based
Diagram Access: TADA

The formative study in Chapter 3 provides valuable results and insights into how tech-
nology can improve the accessibility of diagrams. These insights, combined with exist-
ing literature, have informed the design of our Touch-and-Audio-based Diagram Access
(TADA) system, an application specifically created to enhance diagram accessibility. The
main goals of the design are outlined in Section 4.1. The approach for designing the tool
is then codified into a series of design principles, which are detailed in Section 4.1.1.
The design of the system, presented in Section 4.2, incorporates these design principles
through carefully considered design choices from Section 4.1.2. This ensures that TADA
effectively addresses the challenges of diagram accessibility and provides a user-friendly

solution.

4.1 Design Considerations

We aim for two main design goals (DGs):

DG1 : Help people move up the ladder of diagram accessibility (from Section 3.3.1)

to achieve higher levels of access.

DG2 : Reduce barriers to accessing the designed system. To achieve this goal, the de-
sign should strive to maintain a balance between leveraging the existing knowl-

edge of users and introducing new concepts, ensuring a manageable learning
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curve. Familiar concepts should be retained where possible, and new solutions

should only be introduced where no current solutions exist.

4.1.1 Design Principles

To achieve our goals, we encoded a series of design principles (DPs) that reflect our
approach to designing the tool. These principles, informed by both the results of our
previous formative study, and by experience derived from previous work, provide a frame-
work for making consistent design decisions. While other design approaches are possible,
we believe that our principles offer a strong foundation for an effective tool to improve

diagram accessibility.

DP1. Distinguish different diagram information types clearly: A typical node-
link diagram consists of nodes and links which might contain embedded labels or prop-
erties. For example, a transportation connection diagram could have each node as a
station with its name as one property. Different nodes, links, labels, and other potential

information types need to be clearly distinguishable to avoid confusion.

DP2: Rely on Spatiality: With DP2, the system portrays the spatial locations of
different diagram components to help people understand where things are, associate an
object with its spatial information, and potentially form a mental map of a diagram.
In some diagrams, spatial information is also inherently important to understanding
the diagram especially when directions and navigation are involved. The use of spatial

information also supports DP1.

DP3: Support Multiple Levels of Information Access: To understand a diagram
effectively, multiple perspectives of it such as different overviews and details could be pro-
vided. People should be able to choose which of them to be accessed first preferably as
an easier starting point, and to cross-reference information between the different per-
spectives to help reinforce their understanding. When switching between different levels,
the consistency of low-level information needs to be preserved to avoid confusion. For

example, the representation of a diagram component is the same at all levels of access.

DP4: Provide Multiple Interactions to Access the Same Type of Information:
The system should provide the flexibility for people to choose from multiple supported

interaction techniques or even combine them to access the same type of information.
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This allows users to tailor their experience and interact with the system in a way that
best suits their needs and preferences. It should not restrict users to using only one single

interaction technique to acquire a piece of information.

DP5: Support Parallel Interactive Access: DP5 would allow people to have the
option to conduct different interaction techniques simultaneously. Parallel interactive
access can potentially increase the efficiency of access and better support someone’s

primary purpose of accessing a diagram.

DP6: Re-think, Not Translate: While a direct translation from one modality to
another to improve accessibility could work, there is no guarantee that this would be
optimized to help people achieve their goals when accessing a diagram. A paradigm shift
here is important for making effective design decisions for non-visual access to support

people with visual impairments as much as we can.

4.1.2 High Level Design Choices

In this section, we discuss the high level design choices of TADA with references to the
DPs mentioned in the section above.

A practical way to improve accessibility is to minimize the associated monetary cost
as mentioned by multiple participants from the interview study. We decide that we
want to rely on a commercial touchscreen device to be the basis of our prototype due
to its wide availability. As participants from the formative study suggested (Section
3.2.2.3), external tools can be expensive and we want to make it as affordable as possible.
Furthermore, we prefer a tablet device with a bigger screen than a phone due to its bigger
space for people to interact with a diagram on the touchscreen, reinforcing the spatiality of
the diagram components (DP2). The advantage of using fingers to understand spatiality
is the use of haptic memory. While the touchscreen is just a flat surface without any
tactile feedback to touches, proprioception (which is the sense of body position and
movement) could help people recall the spatial information of diagram components [96]
by using their fingers to explore the diagram (DP2).

With lessons from how diagrams are currently made accessible, we learned that a
diagram should be spaced-out to ensure clarity as people explore it (DP1, 2). In the case
of spatial information from the data not being available, the force-directed layout [36] of

a node-link diagram can be utilized which ensures nodes repel each other forming varying
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degrees of space between them, and naturally forms clusters of nodes which could help
improve readability [66].

We decided that TADA should support access to multiple levels of information (DP3).
Informed by the previous literature reviews on accessible visualizations [63, 49], task
taxonomy of node-link diagrams [6, 68], and the interview study findings, we include
gaining overview, gaining details, searching, navigating, filtering, and alt-text description.
An overview is important to gather a high-level idea or summary of the diagram, and
details inform more about the diagram components and structure. Searching allows
people to look for where things are based on what they look for specifically. In scenarios
where understanding the connections between nodes is important, navigation informs
people about how to go from point A to point B. Filtering for only certain type(s) of
nodes and their connections would help reduce the complexity of a diagram. Lastly,
alt-text is still included as a common way to gather information on a diagram. To
support access to these levels of information, we utilize gestures and speech commands
as input to the system, and audio feedback (including non-speech sounds and speech)
as output from the system. They together form the interaction techniques that TADA
supports, which will be explained in detail in the next section on the design of TADA.
Although different interaction techniques are meant for different purposes, some of them
allow people to access the same type of diagram information (DP4). For example, all
interactions inform spatial information of diagram components. There is also information
that stays consistent using different interaction techniques, like the audio used to portray
nodes and links.

Audio is an alternative way for a typical tablet to output information other than
visuals (haptic feedback technology, which provides tactile sensations to users, is currently
only available on a limited number of high-end tablet devices). We therefore decided to
use audio and touch to be the primary modalities of access. The audio for different
types and levels of information needs to be distinct and informative to avoid confusion
(DP1). We make use of the following dimensions of audio design: timbre, pitch, volume,
rhythm, continuous or discrete, and sound or speech. We use two sounds with vastly
different timbres for nodes and links. They are pitched differently based on the number
of neighbours a node has, and the length of a link. When a finger stays on a node or
link, its sound plays continuously until the finger leaves. If the finger sweeps quickly,
the sounds of nodes and links become shorter and more discrete. A different timbre is
used for the system to guide certain actions performed by people continuously, and its

varying volume informs the proximity of the finger toward a target position. Another
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different timbre is used to highlight diagram components which are filtered out if they
are as an additional sound layered on top of existing audio. All the above audio are non-
speech sounds. Speech is used for searching to inform directions, and for textual details.
There is an audio legend explaining what different sounds mean to remind people, and
alt-text for people to gather a description of the diagram. Rhythm is also used for some
interactions to reinforce certain information such as connectivity and proximity. We
did not decide to involve chords or other ways to present multiple pieces of information
simultaneously using pitch because the audio could become more musically complex
for people to interpret and we want to maximize the other more differentiating audio
dimensions first. The combinations of interaction and audio designs are examples of how
we re-think non-visual access to diagrams, instead of directly translating a diagram into
an audio form (DP6).

We decided TADA should support multi-touch because it opens up the possibility of
more gesture designs and supports two-handed interactions. This means two things. One,
a multi-touch gesture could be performed either using one hand or two hands depending
on preference. Two, it is possible to perform two tasks with separate hands on the same
screen to access different information in parallel (DP3, 5). To achieve this, we utilize the
concept of locality to distinguish what each hand is trying to do without confusing the
two. Generally, a gesture is only invoked if its trigger fingers are within proximity to each
other in a local area. As such, another gesture performed by the other hand at another
part of the screen would be recognized differently. For example, one can choose to keep
a finger as a reference point and use the other hand to perform other gestures to access
different pieces of information. The use of locality also avoids accidental taps because of
the condition of a dwelling finger nearby, aligning with one of the accessible touchscreen

guidelines from McGookin et al. [71] to prevent accidental gestures with a short impact.

4.2 System Design

This section details the interaction design of TADA. The DPs from Section 4.1.1 guided
design of the interaction techniques and features of the tool and are naturally constrained
by the top level choices that we describe in Section 4.1.2 indicated with references to the
DPs.

TADA reads diagram data from GraphML file(s) [16] and represents the data digitally
in a perceptible way with auditory and visual cues. People can interact with diagrams

using touch, gestures, and speech as input, and the system generates audio in real time
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as output. Diagram elements such as nodes and links produce distinct sounds when
people interact with them. Various interaction techniques (Figure 4.1) are designed to
support user tasks such as overview, gaining details, finding connected links, navigating,

searching, and filtering. We explain these in detail below.

4.2.1 Audio Design

We briefly explain the mappings between diagram information, interaction techniques,

and the non-speech audio feedback below:

e Nodes produce a french-horn sound, and links produce a plucked guitar sound.

e A higher-pitched node means it has more connections than other nodes; A higher-

pitched link means it is shorter than other links.

— The pitch frequency (in Hz) of a node is calculated by:

frnode = number of connections x 20 + 50
— The frequency (in Hz) of a link is calculated by:

1
ink = ————— X 1215450
Jum length in cm +
e A sustained french-horn or guitar sound indicates dwelling on a node or link re-

spectively; A discrete sound indicates sweeping over a node or link.

e A continuous pure tone indicates the proximity to a diagram element. The pitch

frequency is 150 Hz.

The variation in sound frequencies (pitch) is adequate for now, but it would have to
be configurable or adapted for other diagrams with more variability. For example, if a
diagram has too many nodes or links with different degrees or lengths, the pitch range

might not be enough to distinguish them clearly.

4.2.2 Supported Interaction Techniques

This section explains how the design of interaction techniques (shown in Figure 4.1) in
TADA.
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1. Single-finger Sweep: People can conduct the single-finger sweep to learn about
the general overview of connectivity and distribution of nodes across a diagram. When
a finger touches a node, the system produces a french-horn sound; When a finger crosses
a link, the system produces a plucked guitar sound. A higher-pitched node means it
has more connections than other nodes; A higher-pitched link means it is shorter than
other links. As the finger sweeps around quickly, the audio of a node or link is short
and discrete as the finger sweeps by it. In an area which is dense with nodes, the audio
sounds like a grouping of short bursts of french-horn sounds; In an area which is dense
with connections, the audio sounds like a cluster of short guitar strings plucked together.

If a finger stays on a node or link, the sound sustains and fades to a fainter volume
until the finger leaves to indicate the dwelling status. Once a finger enters a node area, the
area expands to make it harder for the finger to leave. This helps with the potential issue
of the dwelling finger drifting away from the node position because finger drifting might
result in knowing inaccurate spatial information which could confuse people’s perception.

The speed of movement of the finger matters and affects the discreteness of the sound.
As the finger slows down, people can explore the audio in more detail interpreting pitches
more instead of the number of discrete sounds produced together.

We note that although this interaction involves a single finger, multiple fingers are
still supported. This is explained more below in the next Section, For example, if two
fingers each dwell on a different node, we hear a combination of the two french-horn
sounds played together. One can also choose to lift a finger up while keeping the other

down and switch between them repeatedly to conduct a compare-and-contrast operation.

2. Five-finger Dome: The five-finger dome allows people to gain an overview of
only a sub-area within a diagram. By shaping a hand into a dome shape with fingers
pointing downwards and placing it onto the screen, an area is formed underneath the
hand between the fingers. An audio stream starts playing, and it only involves the nodes
and their connected links within this area under the five-finger dome. It begins with a
“ding” sound, followed by the first node’s french-horn sound, the first node’s connection
guitar sound(s), the second node’s sound, the second node’s connection sounds, and so
on until all nodes and their connection sounds within the area are played. Then, another
”ding” sound plays, and the same audio stream repeats infinitely as long as the hand is
on the screen. The sequence of nodes follows their spatial positions, starting from the
center of the dome and going outwards.

The rhythm of the node and link sounds reinforces the characteristics of connectivity
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within the dome area in addition to the pitches of the nodes. Each loop of the audio
stream takes a set amount of seconds. This duration is divided by the number of nodes
covered by the dome into even intervals. Therefore, if one hears a faster rhythm of french-
horn sounds played, the dome area currently has more nodes than other areas explored.
For each interval, it is further divided into two halves. The first half of each interval is for
the node; The second half is for its connected links. Therefore, if one hears faster pacing
of links played for a node, this node is more connected than other nodes in the same area.
Several examples can be used to illustrate the relationship between the audio summary
and the structure of the dome area. If there are multiple quick node sounds but few
link sounds, this indicates that the dome area contains many nodes with relatively few
connections. Conversely, if there are few node sounds but each is accompanied by quick
link sounds, this suggests that there are dense connections between nodes, but the overall
number of nodes is limited. Finally, if each node sound is followed by link sounds with
roughly the same pacing, this implies that the nodes generally have an equal number of
connections.

People also have the flexibility to dynamically reposition their dome, or expand and
shrink the size of the area of the dome. Any change in the set of nodes covered by the
dome would trigger a new “ding” followed by the adjusted audio sequence. As such,
people can gather mini summaries of sub-areas of a diagram as they explore using the

fiver-finger dome.

3. Dwell + Tap: All interaction techniques that involve a “+” in their name refer to
the use of two simultaneous actions with different touches. The notion of locality applies
to such interaction techniques, meaning that the second action can only be triggered
within the proximal area of the first action. This is in line with one of the recommenda-
tions for creating non-visual graphics [89], which suggests taking advantage of multi-touch
and using other fingers as reference points. It also considers the findings from a previous
study [71] which showed accidental taps should be avoided, and the locality design helps
prevent this.

Dwell + tap is a way for people to gain more details about the embedded or annotated
information of a node or link which can have any number of labels or attributes. The first
finger dwells on a node or link, and the second finger taps next to the first finger. Each
tap triggers the system’s speech synthesis engine to say a piece of information related to
the node or link the first finger is on. When the user has played over all the information,

the next tap triggers the first piece of information again and subsequent taps continue
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the cycle. For example, if a node represents a person, then dwell 4+ tap at this node
would first say “Name: Alex”, and the second tap might say “Job: Engineer”. If no
more information is available, the next tap would go back to the name.

Due to the locality design, if one chooses to put two fingers separately on two differ-
ent diagram elements, taps associated with the closest dwelling finger would invoke the
corresponding information of the closest elements dwelt on accordingly. This allows si-
multaneous exploration of the data of multiple diagram elements with separate hands. If
multiple locality areas overlap with each other, the dwelling finger and its nearest second

finger are considered to be a pair.

4. Dwell 4+ Circle: With dwell 4 circle, people can find the links connected to a
node. The first finger dwells on a node, and the second finger lands near the first finger.
Without lifting, the second finger then either holds or starts moving in a circle around
the first finger to trigger a continuous pure tone which informs about the proximity to
the nearest connected link. This proximity guidance audio has varying volumes, where
a louder volume means the second finger is closer to a link. The angle bisector between
two consecutive links is silent.

There are now three types of continuous audio that play at the same time: the french-
horn node sound as the first finger stays on the node; the guitar link sound as the second
finger finds a connected link; and the proximity guidance sound. The system pauses the
node sound to prioritize the proximity guidance and link audio at the moment. (However,
if the second finger gets lifted off, the node audio will play again.) We paused the node
sound because when all three play together, they can sometimes interfere with each other.
As people rotate their fingers, they can still hear the link guitar sounds as the second
finger crosses them. The relative positioning of the two fingers could help inform the
direction of links, and the pitches of the link sounds could inform the lengths. If using
two hands, we recommend people position the second finger below the first finger as
the initial starting point of the circle to better ensure the completion of a circle to fully

explore connected links.

5. Dwell + Radiate: Dwell + radiate is the natural follow-up gesture to dwell +
circle once people have found which link they want to follow, to navigate from a node
to its neighbour. During dwell + circle, if one is interested in a link and wants to follow
it, the second finger moves toward the direction of the link from the node. The system

then recognizes the dwell + radiate gesture and speaks “Following”, signifying the second
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finger is now following the link. Other links than the one being followed are muted to
avoid possible confusions. The proximity guidance audio now indicates the distance to
the target neighbouring node, rather than the distance to the nearest link. However,
it still provides indirect information about the proximity to the nearest link. As the
second finger gets closer to the target node, the volume of the proximity guidance audio
increases. If it deviates away from the link, not only the sustained guitar sound would
stop playing, but the proximity guidance audio also decreases in volume.

If someone is lost, they can wiggle their radiating finger a bit perpendicularly to the
radial direction until they find the link again. This aligns with one of the guidelines on
tracing a line [89] to take advantage of tracing strategies like zigzagging on a line.

If the radiating finger has followed the link and reaches the connected neighbouring
node, the french-horn sound of it plays but with a fanfare twist signifying victory, by
playing a short, initial horn burst followed by the original sustained horn sound. Now,
the original second finger acts as the finger dwelling, and the same interactions can still

continue navigating further.

6. Single-finger Flick-down for Speech Commands: A single-finger flick down-
ward triggers speech recognition. The system then says “Listening” and listens to speech

input by people. It expects the speech input to specify the type of command.

6.1. Speech Command for Searching, and Single-finger Follow. After the
single-finger flick-down, people can say “Searching for [information to look for]” invokes
search mode. The system then auto-recognizes the end of the speech, repeats the speech
command for people to know what is recognized, and begins processing.

After processing, the system responds verbally with the results of the search. For
example it could say “Nothing found”, or “Found [number of results] result(s)” depending
on the search. People can now start a search for the results by putting down a single finger
onto the screen and holding. The system then starts to provide directions (left, right,
bottom, up) verbally that direct the user’s finger to the location of the nearest result.
For example, if the result of the search for is in the lower left direction of the finger, the
system would respond with “down, left” and loop this. The directions are dynamic to
changes in the finger’s position. If the finger moves diagonally, the directional instruction
combines two axes together. Alternatively, the finger can also move in one axis at a time,
and only directions in this axis are spoken to help people to find the point on the same

axis as the target location. Moreover, we varied the pacing of the speech to inform about
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the remaining distance to the target. A slower pacing means the finger is closer. This
is because as the pacing slows down, one would also slow down the finger movement to
wait for the next piece of directional instruction to more precisely pinpoint the target
location.

Once one axis of the target location is found, the system would say “stop”. Then,
only the directions on the same axis as the target location are informed until the finger
reaches the target. Similar to successful navigation, when a node is successfully found,
the same fanfare-like horn sound is heard.

According to a study by Ramda et al. [80], voice-based guidance is the most efficient
method for helping people pinpoint a location, and it does not require prior training. We
took this finding into account and additionally modified the speech speed based on the

distance to target. We also introduced the diagonal or axial finger movements.

6.2. Speech Command for Filtering, and Interact as Per Usual. The initial
trigger is still single-finger flick-down with the difference in the following speech com-
mand: “Filter by [attribute, value]” to initialize the filter mode. For example, after
the single-finger flick-down, the system says “Listening”. People can then say “Filter
by background, engineering”. The system recognizes the end of the speech, repeats the
speech, and enters into filtering mode. All interaction techniques still apply.

The filtering mode is introduced as a way to reduce the complexity of a diagram by
specifying an attribute value to be filtered for, and only nodes with this value for the
attribute and their connections are best preserved. The attributes and values that users
can filter for are the same information accessible through the dwell + tap interaction.
Once a person has applied a filter based on a specific value, such as a background of
engineering, only the nodes that meet the filter criteria and their connections are fully
accessible. To preserve some degree of awareness of the filtered-out elements, these nodes
and their connections still produce sounds, but at a fainter volume and with a static white
noise played on top of them. This signifies that these elements have been filtered out

and are not currently the focus of the person’s attention.

7. Single-finger Flick-right: People can listen to the alternative text description of
the diagram by flicking a single finger to the right.

8. Double-finger Flick-right: A person can listen to the audio legend by flicking
double fingers to the left. The audio legend is a description of the audio mappings,
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playing each type of non-speech audio feedback and describing what it means in speech.

9. Single-finger Flick-up: A single-finger flicks up cancels or reset the system be-
haviours triggered by other interaction techniques with speech feedback specifying what
is canceled. For example, when performed right after double-finger flick-right, the audio

legend stops playing, and the system says “Audio legend stopped”.
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Chapter 5

Implementing TADA

The TADA system is implemented using Unity [92], ChucK [93], and Chunity [11]. Unity
is a game engine and C# scripts were programmed to parse diagram data, create the
user interface and interactive diagram elements, recognize different gestures and their in-
teractions with diagrams, and trigger the corresponding audio. Unity supports multiple
platforms meaning that the system can run on tablets supporting various operating sys-
tems [88]. ChucK is a programming language that produces concurrent, strongly-timed
procedural audio, and is responsible for the audio design and generation in the system.
Chunity combines both ChucK and Unity and provides the technical communication
bridge between the two. Native speech recognition using speech engines running either
on i0S / iPadOS or Android is made possible with open-source codes [48].

The system includes several modules (Figure 5.1) that work together to make di-
agrams accessible through touch interactions, speech input, and audio feedback. The
Diagram Module is responsible for parsing diagram data and creating the diagram el-
ements in the interface. The Multi-touch Module recognizes touch gestures and their
collisions with the diagram elements. The Controller Modules process and communicate
the associated diagram information, and trigger audio feedback. The Audio Modules han-
dle the audio design and production triggered by the different recognized interactions,

and there is a speech engine responsible for text-to-speech and speech-to-text.

5.1 Diagram Module

The Diagram Module reads diagram data from GraphML [16] files. It has methods to
parse, display, and layout the nodes and links of the graph. It uses dictionaries and

lists as data structures to store the node and link data and types, and game objects and
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Figure 5.1: System architecture of TADA

associated scripts to create and manipulate them on the screen in Unity. For diagram
data without spatial information, it uses the force-directed layout algorithm [36] to adjust
the positions of the nodes and links based on their distances and connections. It also

allows filtering the graph by node attribute values.

5.2 Multi-touch Module

The Multi-touch Module handles touch gestures, classifies them into different interaction
modes, and communicates the information to the Controller Module for more logical
processing. It recognizes various gestures based on the number, duration, direction and
distance of the touches. It also keeps track of the diagram nodes or links which the fingers
interacted with. There are two important threshold values, TIME_ THRESHOLD and
DIST_THRESHOLD, responsible for fine-tuning gesture recognition. TIME_THRESHOLD
determines if the time duration between the start and end times of a touch or the time
duration between two consecutive touches is within a certain range. DIST_'THRESHOLD
determines if the distance between two touches or the distance between the start and end
positions of a touch point is within a certain range. We explain how gesture recognition

works below.

Dwell or Sweep: The Multi-touch Module assumes this is the default gesture, unless

the following different gestures are recognized.

Five-finger Dwell or Dome: The module checks if there are 5 touches on the screen

that started within a short time duration of each other. If there are, it considers it as



54

Five-finger Dome gesture and creates a pentagon area that covers all 5 touches. This

area is present as long as all 5 touches are present on the screen.

Two-finger Interactions (Dwell 4+ Tap / Circle / Radiate): These three gestures
have the condition that there has to be an existing touch dwelling on a diagram element
(node or link) within the local area. The module checks the distance between the second-
finger touch and other existing touches. If the distance is less than DIST_THRESHOLD,
the method considers the second-finger touch and its closest existing touch to be a locality

pair. The following all need to fulfill this locality condition first.

Tap: When a touch is ending in its phase, the Multi-touch Module checks the time
duration between the start and end times of a touch to determine if it is a tap gesture.
If the time duration is less than the TIME_THRESHOLD, the module considers it as a

tap.

Circling: The module calculates the angle difference between the previous and current
positions of two touches to determine if it is a circling gesture. If the angle difference is
not zero, the module considers it as a circling gesture. Alternatively, if the second finger

also dwells, the module also recognizes this to be circling.

Radiating: The module calculates the angle and distance differences between the pre-
vious and current positions of the two touches to determine if it is a radiating gesture
as the touches move. If the distance difference is increasing, the angle difference is less
than a certain threshold, and the distance between two touches is greater than or equal
to the product of DIST_ THRESHOLD and 0.65, the module considers it as a radiating

gesture.

Flick: The module checks the distance and time duration between the start and end
positions of a touch point to determine if it is a flick gesture. If the distance travelled by
the touch in either the horizontal or vertical direction is greater than DIST*TH&ESHOLD
the time duration of the touch is less than TIME_THRESHOLD, the module considers

it as a flick gesture. The module then calculates the direction of the flick based on

and

the sign of the difference between the start and end positions of the touch in both the
horizontal or vertical directions. The module also checks for the number of touches

flicking. Depending on the direction and the number of fingers used for searching and
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flicking, different interaction modes such as filtering, reading alt-text, and reading audio-
legend are identified.

There exists a separate data structure, Touch Info, that stores information about
each touch, such as touch ID, start time, start position, interaction mode detected,
and the associated diagram elements if they are interacted with. There is also a set of
technical mappings assigning the interaction modes to each finger touch to communicate

this information between modules.

5.2.1 Fine-tuning the Threshold Values with Informal Pilot Stud-
ies

We conducted informal pilot studies with three people who are sighted and had their

eyes closed to help refine some details of the system design, particularly fine-tuning the

threshold values (TIME_-THRESHOLD and DIST_THRESHOLD). The recognition of

tapping is now more tolerable for people, increasing the amount of time a finger stays on

a screen before it is recognized as a hold. The locality area detection is also improved,

making it bigger for people with bigger hands. The five-finger recognition is enhanced,

increasing the duration between the landing of each finger, and making it more tolerable.

5.3 Controller Modules

There are two major kinds of Controller Module: Touch Controller(s) and Diagram
Controller. Each new touch input is dynamically assigned a Touch Controller. The
Multi-touch Module assigns each touch with particular interaction modes, and the Touch
Controller for each touch input can understand what interaction the finger is doing and
provides the respective system actions. Additionally, there is a sub-type of Touch Con-
troller, the Dome Touch Controller, for the five-finger dome interaction specifically to
handle the logical processing with the dome area. The Diagram Controller is for control-

ling the whole diagram instead of the touch input(s).

5.3.1 Touch Controller(s)

Each Touch Controller serves as the mediator between the Multi-touch Module and
the Audio Modules by handling the logic for different touch interactions with diagram

elements such as nodes and links. It also triggers audio synthesis and speech feedback
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based on the interaction modes and collisions. It gathers information such as the number
of neighbours a node has and the length of a link and sends these to the Audio Modules
to inform the pitch. For the five-finger dome, the Dome Touch Controller gathers these
pieces of information from all the nodes and links interacted with the dome area, compiles
it, and sends it to the Audio Modules.

For the dwelling + tap interaction, the Touch Controller of the dwelling finger is
responsible for the diagram element dwelt on. The Touch Controller of the tapping
finger sends pieces of the embedded textual data from the diagram element to the speech
engine, and tracks which piece of information was last read, so that sequential taps can
also explore the information sequentially.

The dwell + circle interaction lets the user hear the proximity guidance audio of
the neighbouring nodes by circling around a node. The Touch Controller of the circling
finger measures the angle between the dwelt node and the finger, and compares it with
the angles of the connected links. It then adjusts the volume of the proximity guidance
audio based on how close the circling finger is to a connected link. By using a logarithmic
scale for the volume, the volume changes more drastically at the two ends of the scale.

For the dwell + radiate interaction, the Touch Controller of the radiating finger
calculates the distance between the target node and radiating finger, as well as the
distance between the target and source nodes. It then calculates a distance factor based
on these values dividing the former by the latter. This value is used to modulate the
volume of the proximity guidance audio, and a logarithmic scale is used here as well.
It also checks if the touch has arrived at the target node to trigger a triumph-like node
sound.

The single-finger flick-down interaction activates speech recognition. The Touch Con-
troller of the flicking finger triggers the Speech Engine to say “Listening” and wait for a
voice command.

If the speech command is for searching, the Touch Controller starts by getting the
node(s) that match the search query. If multiple results are found, it then loops through
these nodes, calculates their distance from the finger position, and picks the closest.
It also calculates the direction based on the angle of the node relative to the finger.
Auditory feedback is then provided to the user about the location of the nodes that
match the search query where the directions inform the speech instruction given back
to the user, and the distance to the target affects the pacing of the speech instructions.
The controller also checks if the touch has collided with any of the nodes that match the
search query. If so, it plays the appropriate triumph-like audio and updates the state of
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the system accordingly. Otherwise, the system stays in searching mode.

If the speech command is for filtering, the Diagram Controller takes over because
this is more to do with how diagram data is represented. This also holds true for the
single-finger flick-right interaction.

The double-finger flick-right interaction activates the audio legend description. The
Touch Controller triggers various types of non-speech audio feedback supported by TADA.
After each audio type is played, it sends a description of what the audio means to the
Speech Engine. The next audio type then plays.

The single-finger flick-up interaction quits any ongoing system operation, such as
searching, filtering, or reading alt-text or audio legend. The Touch Controller checks

which mode the system is in and sends a quit signal to stop it.

5.3.2 Diagram Controller

After initializing the filtering mode, the Diagram Controller triggers speech recognition to
recognize what the user wants to filter for. After the user provides the speech command,
it then receives the instructions on which nodes in the diagram to filter, and tags these
nodes and their connected links to be in a filter state, which will, in turn, inform the
Audio Modules to produce the appropriate audio for them.

To read the alt-text of a diagram, the Diagram Controller simply extracts the embed-
ded alt-text from the diagram and sends it to the Speech Engine. If no alt-text exists, it
then asks the Speech Engine to say “No alt-text found”.

5.4 Audio Modules

The Audio Modules consist of two parts: the ChucK programs responsible for audio
synthesis, and the Speech Engine as a Unity plugin responsible for speech recognition

and synthesis.

5.4.1 ChucK Programs

With ChucK, the audio synthesis is achieved in real-time and is dynamic based on the
outputs from the Touch Controller(s). It uses an event-driven approach, where the out-
puts from the Touch Controller(s) trigger events. ChucK uses a concept called “shreds,”
which are similar to threads in an operating system, to handle these events. When an

event is triggered, a shred is spawned to produce audio based on the event type.
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There are five ChucK Programs responsible for the audio synthesis of the nodes, links,
audio summary (from the five-finger dome interaction), proximity guidance, and filtered
audio overlay. Each node audio is a french-horn sound, and each link is a guitar string.
The instrumental audio is produced by the Synthesis ToolKit [27, 83] included within
ChucK [1]. The audio summary is constructed by a sampled “ding” sound, followed by
the audio of given nodes and their connected links with duration calculated based on the
description in the System Design Section, 4.2.1. The proximity guidance uses a sine wave
oscillator which sounds like a pure tone. The filtered audio overlay dims the volumes of
filtered nodes and links by half, and then adds a noise audio on top of them to signify

these are filtered out.

5.4.2 Speech Engine

The Speech Engine uses external plugins [48] in Unity to utilize the text-to-speech and
speech recognition functionalities natively supported by the mobile platforms, Android
and 10S / iPadOS. The text-to-speech reads out designed phrases or instructions from the
system to invoke user actions. It is customizable in terms of the pitch and rate of speech
synthesis. The speech-to-text function is responsible for recognizing people’s responses
which serve as instructions to invoke further system actions. It recognizes a stop in a

spoken sentence from someone, automatically stops listening, and starts recognizing.
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Chapter 6

Evaluating TADA

To evaluate the effectiveness of the Touch-and-Audio-based Diagram Access (TADA)
system, we conducted a system evaluation study with 25 people with visual impairments.

Our research questions (RQs) for the study included:

RQ1: To what degree are people with visual impairments successful in performing the
experimental tasks utilizing the interaction techniques and understanding the

audio information?

RQ2: How do people with visual impairments perceive the workload of using the sys-

tem?

6.1 Methods

To answer the RQs, e designed experimental tasks to be performed using the supported
interaction techniques, questions to ask about each task, and their evaluation metrics
to evaluate the effectiveness of our designed system. We also observed the participants
using the system, and included general questions to ask about what people think about
each interaction technique. Additionally, we used NASA Task Load Index questionnaire
(NASA-TLX [41, 40]) to ask about their perceived workload and opinions of the ease of
use and difficulty they experienced while using the system. We verbally administered the

demographic and NASA-TLX questionnaires to avoid document accessibility issues.
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6.1.1 Participants

The participants ranged in age from 25 to 101, with a mean of 51.92, median of 52,
and standard deviation (SD) of 16.35. Fourteen participants self identified as female, 10
as male, and 1 as transgender. In our study, although all participants self-identified as
legally blind, their ability to perceive information visually varied. As such, we grouped
them into two primary groups: group 1 included those who could not visually access
the diagrams on the tablet, and group 2 included the rest who could perceive visual
information from diagrams to a varying degree but largely relied on non-visual channels
for information access.

Group 1 had 20 participants who ranged in age from 25 to 73, with a mean and
median of 49.5, and SD of 13.59. 10 were female, 9 were male, and 1 was transgender.
Group 2 had 5 participants with an age range from 35 to 101 and a mean of 61.6, a
median of 58, and SD of 24.01. 4 were female, and 1 was male.

Participants’ common ways of accessing diagrams included using screen readers for
alternative text descriptions, asking others who are sighted, using tactile diagrams, and
using visual aids like magnifiers. Educational diagrams and maps were the most common
types of diagrams participants encountered. 21 participants mentioned that they did not
often access diagrams or only access them if they needed to due to accessibility issues
(N=T7), or a lack of need or interest (N=>5). 4 participants frequently accessed diagrams.

We recruited participants by advertising through various organizations such as the
Canadian National Institute for the Blind (CNIB) and the Canadian Council of the Blind
(CCB), and social media platforms. We advertised to previous participants from the
interview study who consented to be contacted for future studies on diagram accessibility.
We also recruited some via snowball sampling. In total, we recruited 25 participants with
the following inclusion criteria: considering themselves to be totally or legally blind;
relying on the auditory channel, or auditory combined with other sensory channels to
access digital information; having experience with touch-screen devices; being 18 years
and above of age. The detailed demographic information is summarized in Table 6.1.

Participants were compensated CAD$30 for the one-hour in-person study session.
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6.1.2 Apparatus

We used a low-priced mid-range tablet (Lenovo Tab M10 Plus Third Generation with
a 10.6-inch screen) running Android 12 and our TADA system for the study. For the
study, we also connected the tablet to an external speaker to ensure the audio was clearly
audible, especially at low pitch frequencies. A 3D-printed border was attached to the
tablet screen to help prevent participants from going off of the tablet screen boundary,

as seen in Figure 6.1a.

(a) Border to prevent touches (b) Tactile diagram for learning

Figure 6.1: 3D-printed tablet overlays on the tablet used in the study

We also designed a 3D-printed tactile diagram overlay (Figure 6.1b), printed on a
piece of high-quality printer paper cut out to be the exact size of the touch screen and
could be attached to the tablet screen. This overlay was used to help participants to
get familiar with our system and is a tactile representation of the digital diagram from
Figure 6.2a. The overlay helped participants learn about a node link diagram by feeling
3D-printed rings that represented the nodes and lines that represented the link. The rings
are raised slightly higher in height than the links to make them more distinguishable when
touched. The tactile overlay was also used to teach participants the interaction techniques
employed in TADA. This overlay works in conjunction with the TADA system running
on the tablet, and the touch gestures are still recognizable with the overlay.

All study sessions were conducted in isolated private rooms. The experimenter was
next to the table which participants sat in front of. We recorded the sessions and used a
tripod with a camera pointing downwards to record participants’ and interactions with
the tablet.

6.1.2.1 Stimuli

We designed four diagrams as the stimuli for participants to interact with in the study.

They are friendship diagrams, where each node represents a person, and each link rep-
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resents the existence of friendship between the two people connected to this link. We
used this analogy of friendship as an easy way to introduce an example of diagrams to
participants. Each person has some associated details or labels, such as their name and
professional background. We divided two diagrams to consist of four quadrants: top
left, top right, bottom left, and bottom right, to evaluate the effectiveness of using a
single interaction technique to identify different characteristics of a node-link diagram in

different spatial regions.
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(a) Diagram for learning (b) Test diagram 1
Sy
< =0
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o o
(c) Test diagram 2 (d) Test diagram 3

Figure 6.2: Diagram designs to be used as stimuli

The first diagram we created is the learning diagram, which was used to introduce
participants to the system in every study session (Figure 6.2a). We designed this diagram
to be diverse enough to showcase different kinds of connectivity and density of nodes
across the diagram, yet not too complex potentially overwhelming the participants. In
this learning diagram, there are people who are friends with each other showing high
connectivity and forming a cluster on the left, with an empty space under this cluster.
One person from the cluster has a friendship extending to the lower right region which is
more sparse, with fewer people and friendships. There is one person on the upper right

not connected to anyone.
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Figure 6.2b shows test diagram 1, a more complex diagram than the learning diagram
designed to evaluate the single-finger sweep interaction. The first quadrant (upper left)
has few people with no friends. The second quadrant (upper right) has more people, and
each is a friend with two other people in the same quadrant. The third quadrant (lower
left) has even more people who are friends with each other, having the highest number of
connections. The fourth quadrant (lower right) has the most number of people, with one
popular person having high connections, and others who have only one or two friends.
Quadrant 2 also connects to quadrants 3 and 4.

Test diagram 2 from Figure 6.2c has a similar complexity to the previous one to
evaluate the five-finger dome interaction. To prevent participants from remembering
answers from the questions asked for test diagram 1, test diagram 2 included modifications
to test diagram 1 such as changing the positions and numbers of the nodes in each
quadrant. Specifically, we added one more node to each of quadrant 1 and 2, removed
one node from quadrant 3, and flipped the node positions in quadrant 4 in test diagram
1 while keeping the general spatial structure for the evaluation. We then shuffled the
quadrants so that quadrant 1, 2, 3, and 4 from test diagram 1 now corresponds to
quadrant 3, 1, 4, and 2 in test diagram 2. This way, we ensured that participants had to
use the system to explore and understand each quadrant again, rather than relying on
their previous answers.

Test diagram 3 from Figure 6.3d is designed to evaluate the remaining interaction
techniques. We do not have to design different diagrams for the remaining interactions
because the answers would not affect answering later questions.

Figure 6.3 shows how these four diagrams are presented in the TADA system. The
spatial information is preserved visually, and the other information can be retrieved using

various interactions.

6.1.3 Study Procedure

At the beginning of each study session, we collected the participant’s verbal consent
for participation and demographic information including age, gender, background, vision
loss, and experience with diagrams. We then provided a general context of the study,
including the main goal of the system, what will be demonstrated, and a brief description
of the learning diagram (Figure 6.1b, 6.2a, 6.3a). The main study was divided into 6
experimental tasks each focusing on an interaction technique. At the end of the study,

we assessed participants’ perceived workload using NASA-TLX. Lastly, we asked partic-
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(a) Diagram for learning (b) Test diagram 1

(c) Test diagram 2 (d) Test diagram 3

Figure 6.3: Diagrams presented in TADA as stimuli

ipants about any feedback or comments they might have about the TADA system as a
whole. The detailed study procedure can be found in Appendix B.

In general, the verbal consent and demographics data collection took about 5 minutes.
Tasks 1 and 2 took 13 minutes on average. Tasks 3 to 6 took 6 minutes on average each
to evaluate. The NASA-TLX questionnaire questions took about 5 minutes.

Before each task, we explained how the interaction and the corresponding audio work
and guided participants through the learning utilizing the tactile diagram overlay de-
scribed in Section 6.1.2. We also physically held their fingers to help them learn the
gesture better only if they gave permission. We then ask participants to try the interac-
tion themselves, first with the tactile diagram, then without it. We helped them with any
difficulties they encountered and clarified any questions or confusion they might have.
We then moved on to a different diagram for the task evaluation once the participant felt
comfortable using the interaction.

The interaction techniques evaluated are (1) single-finger sweep; (2) five-finger dome;
(3) dwell + tap; (4) single-finger flick-down, speech command for searching, and single-
finger follow; (5) dwell + circle; and (6) dwell + radiate. We tasked the participants
to only use the dedicated interaction technique to answer its associated question(s), and

the questions asked about the test diagrams are listed below corresponding to the tasks.



67

We asked participants to think aloud while they were interacting with the diagram and
considering the questions. At the end of each task, we asked the participants what they
thought of the interaction technique.

Due to the constraint of time, we did not evaluate the interaction techniques designed
for the features of filtering, listening to alt-text, and listening to the audio legend. The
designed diagrams used in the study are not at the level of complexity requiring filtering
to make themselves clearer. A general description of diagrams and what the audio means

is informed by the researcher running the study to participants.

6.1.3.1 Task 1: Gain an Overview with Single-finger Sweep

We used test diagram 1 (Figure 6.3b) and tasked participants to gain an overview with

single-finger sweep and answer the following questions about the test diagram:
Q1.1: Describe the overall layout of the diagram.

Q1.2: Which quadrant of the diagram has the most connections between people? (An-

swer: Bottom left.)
Q1.3: Which quadrant has the least connections? (Answer: Top left.)
Q1.4: Which quadrant of the diagram has the most people? (Answer: Bottom right.)
Q1.5: Which quadrant has the least people? (Answer: Top left.)

For the first question (Q1.1), we asked participants to sweep and explore the entire
diagram, and provide answers regarding the general layout. We then asked more specific
questions (Q1.1 to 1.4) to for participants to explicitly think in terms of quadrants and
in terms of the connectivity and density of nodes. We asked participants to not count

exactly but to gather a general overview.

6.1.3.2 Task 2: Gain a Summary of a Sub-region with Five-finger Dome

To learn about the effectiveness of the five-finger dome within sub-regions, we tasked
participants to gather the summaries of sub-regions using five-finger dome and answer

the following questions:

Q2.1: Which quadrant of the diagram has the most connections between people? (An-
swer: Bottom right.)
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(Q2.2: Which quadrant has the least connections? (Answer: Bottom left.)
Q2.3: Which quadrant of the diagram has the most people? (Answer: Top right.)
(Q2.4: Which quadrant has the least people? (Answer: Bottom left.)

Q2.5: Which quadrant has people with unequal numbers of friends? (Answer: Top
right.)

We asked the same specific questions about connectivity and density of nodes, but
switched the diagram to test diagram 2 (Figure 6.3c) to make sure participants cannot
reuse the same answers from test diagram 1. Additionally, because we also want to
evaluate explicitly the effectiveness of the pacing of audio, Q2.5 was asked to see if
participants could pick up the variations in the pacing of the link audio sounds within
an area. There can be multiple answers to 2.5, and we asked participants to identify
the most obvious one where there is one person very popular in the top right quadrant
while the others are not so that this node’s link sounds are paced much faster. Again,
we asked participants to not count exactly but to gather a general overview, and we did

not evaluate what details this interaction could potentially achieve.

6.1.3.3 Task 3: Gain Textual Details with Dwell + Tap

We asked a question about the details of a diagram element from performing the dwell

+ tap interaction:

Q3: Given a person, what is the name and professional background associated with
it?

We used test diagram 3 (Figure 6.3d) for this task and the remaining three tasks
(Task 4 to Task 6). In Q3, we provided participants with a node to examine that had a

name other than “Bob” who was going to be used in later questions.

6.1.3.4 Task 4: Search with Single-finger Flick-down, Speech Command, and
Single-finger Follow

We tasked the participants to locate a piece of information and answer the following

question:

Q4: Where is Bob? Locate Bob.
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To eliminate other factors affecting the accuracy of speech recognition such as partic-
ipants’ accents and background noise, we conducted a Wizard of Oz experiment where
we asked participants to only look for where Bob is in the diagram, and the system is

only configured to search for Bob.

6.1.3.5 Task 5: Explore Connected Links with Dwell + Circle

We asked participants to perform dwell + circle to identify the number of connected links

of a node:
Q5: How many friends does Bob have? (Answer: 4.)

Dwell + circle aims to explore a node’s connected links in detail, gathering the number
of connections, their directions, and their relative distances. Q5 only asked about the
number of connections because, in the interest of time, we decided to focus on if one
could complete a full circle and count the number of connected links without exploring
other details. Q6 below partially explored the directional information of the connected

links.

6.1.3.6 Task 6: Navigate with Dwell + Radiate

Following Task 5, we asked participants to navigate to any nodes of the neighbouring

node using dwell + radiate:
Q6: Navigate from Bob to any of his friends.

Dwell + radiate works in combination with dwell + circle. Using the dwell + circle
interaction to explore the connected links, one can locate a link of interest, and then
decide to navigate towards its direction using the dwell + radiate interaction. Therefore,

Q6 evaluated the dwell + circle interaction partially, and the radiate interaction.

6.1.4 Data Analysis

We employed a mixed-methods approach, using both quantitative and qualitative data
sources. We collected data from the task outcomes and answers to task questions, the
NASA-TLX questionnaire, the participants’ think-aloud comments, and their feedback
on the system. We analyzed the data using descriptive statistics, box plots, and affinity

diagramming [55] to answer the research questions.
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As described previously, we divided our 25 participants into two groups: Group 1
consisted of participants who were totally blind, or legally blind and could not visually
access diagrams (N=20) and Group 2 included the rest who was legally blind and could
visually access diagrams to varying degrees (N=5). We analyzed the data separately for
the two groups of participants.

Most of the questions asked were quantitative and assigned the binary answers of
“Correct” or “Incorrect”. During the study sessions, some participants needed some
assistance performing what they were asked to do. Such scenarios were noted to be
“Correct with assistance”. These data were compiled into statistical summaries showing
the number of participants for the degrees of correctness for each question. The NASA-
TLX scores were also summarized into box plots.

For questions that require qualitative answers such as 1.1, and questions related
to what participants thought of the interaction techniques and the TADA system, these
answers were transcribed from the study sessions and grouped into common categories

with the help of affinity diagramming.

6.2 Results

In this section, we present the task and question outcomes and perceived workloads in
terms of the two groups of participants, and the more qualitative findings under the

subsection of participant feedback.

6.2.1 Task and Question Outcomes

Q1.1 required qualitative answers and we grouped participants’ responses into four levels
of detail. The basic level is where participants could tell that no regions are empty in the
diagram, and that there are nodes throughout the diagram. Both groups 1 and 2 went
beyond this basic level.

Level 2 includes some specific details such as the connectivity or density of nodes.

14

Example quotes from participants include “.. on the left ... there’s a lot of connections
over here ... That one has ... [no] lines with it [on the upper left] ... Here, it’s more
sparse [on the right] ...” [P1 from group 1], and “That’s a group of people [on the lower
left] ... [There’re] single individuals [on the upper left].” [P8 from group 2].

Level 3 includes specific details such as both the connectivity and density of nodes,

and this level is where we expected most of the participants would be able to achieve at.
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QL2 QL2
Q1.3 QL3
QL4 1 QL4
ats aLs
Q2.1 1 Q2.1
Q.2 Q.2
Q23 1 Q2.3
Q2.4 Q2.4
Qs Q25
Q3 Q3
Q4 Q4
Qs Qs
Q6 Q6

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

mCorrect  mCorrect with assistance Incorrect mCorrect  mCorrect with assistance

(a) Group 1 quantitative results (b) Group 2 quantitative results

Figure 6.4: Correctness of answers to quantitative questions listed in Section 6.1.3

Example quotes include “What I'm sensing here is the bottom left has more connections.
There are connections on the top right and [bottom right] but they are more widely spaced
apart ... At the top left, there are two [people] but they are not connected. They don’t
feel like they are as connected.” [P16 from group 1], and “There’s quite a few people over
here [on the lower left] ... [On the lower right, there’s] a bunch of people and guitars ...
There’s a lot of connections but there is not that many people. It’s more people over here
[on the lower left] ... and over here [on the upper left] there are two people ... They are
not really that far apart but they’re not connected.” [P12 from group 2].

The top level contains extra details such as connections between quadrants, and
characteristics of distributions or connectivity of nodes. Examples of such extra details
include “/On the lower right,] there is a person in the middle, I think, that’s connected to
all other people around ... as I am going in circle here.” [P6 from group 1], and “/On the
upper right, each person is| connected to two people [in a way that they] are not connected
with people across the circle.” [P15 from group 2].

For the remaining 13 questions, their quantitative scores are summarized in Figure
6.4. For both groups, Q1.2, Q1.3, Q1.5, Q3, and Q4 had all correct answers without any
assistance. For the remainder of the questions, participants asked for some clarifications
or assistance from us and these can be categorized into five types. First, we clarified the
difference between the density of nodes and the density of links because some participants
thought high connectivity mean a high number of nodes which does not hold true all the

time (for example, a group of isolated nodes do not have any connections), in Q1.4 and
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Q2.3. Second, we assisted with explaining the question further because some participants
were unsure about the meaning of the term “people with unequal numbers of friends” from
Q2.5. Third, some participants needed some help correcting their gesture(s). Fourth,
some needed guidance on covering a quadrant more completely with the five-finger dome
interaction. Lastly, there were instances when participants gave an answer to Q2.5 that
could be mistaken for the correct one. In such cases, the researchers reminded the
participants about what the question was specifically asking for to help them provide a

more accurate response.

6.2.1.1 Group 1 Results

For Q1.1, a majority of the participants were successful in providing specific information
about the connectivity and density of the nodes. Group 1 (N=20) had 0 participants at
the basic level, 2 participants at level 2 (10%), 15 participants at level 3 (75%), and 3
participants at the top level (15%).

For the remaining questions (Figure 6.4a), participants provided mostly correct an-
swers with only 3 incorrect ones in Q1.4, Q2.1, and Q2.3. Some correct answers needed
some assistance. Here we explain why some participants needed assistance or did not get
correct answers. Q1.4 and Q2.3 are the same questions on identifying the quadrant with
the most number of nodes. 3 participants in Q1.4 and 2 participants in Q2.3 believed
that the quadrant having the most connections is the one with the most nodes. They
needed clarification on the difference between the density of nodes and the density of
links. 2 participants in Q1.4 and 1 in Q2.3 got the right answer with this clarification. 1
participant in each of Q1.4 and Q2.3 did not get the correct answer in the end.

In Q2.1, participants were asked to use the five-finger dome interaction to identify
the quadrant with the most connections. Five participants were confused about the
quadrant where one node is very connected to others which are not as connected. For
example, in Figure 6.3c, the top right quadrant had a popular node which generates
fast-paced link audio only for this node. Some thought this meant the answer, and we
reminded them to consider all connections in this quadrant and their link audio, not
just from one node. With this reminder, 4 participants answered correctly and 1 did
not. In Q2.5, the question itself confused 2 participants who needed more explanation on
the meaning of nodes having different numbers of connections and they got the correct
answer afterwards. For Q2.1 to Q2.5 meant to evaluate the five-finger dome interaction,
2 participants needed assistance in covering a quadrant more completely using the dome

gesture. 1 of them needed help with all 5 questions, and the other participant needed it
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occasionally in Q2.1 and Q2.3. In Task 5 which evaluated the dwell + circle interaction,
4 participants needed assistance with performing the gesture due to the dwelling finger
drifting. In Task 6 which evaluated the dwell + radiate interaction, 1 participant moved
their radiating finger too quickly and lost track of the direction. The participant was

able to acquire the correct answer after helping their gesture move more slowly.

6.2.1.2 Group 2 Results

For Q1.1, group 2 had 1 participant at level 2, 1 participant at level 3, and 3 participants
at the top level. For the quantitative questions (Figure 6.4b), all participants got correct
answers, and some needed assistance to acquire the right answers in terms of clarification
of concepts and gesture correction. Particularly, everyone got Q1.2, 1.3, 3, and 4 correct
without any assistance. For Q1.4, 2 participants needed clarification of the difference
between the density of nodes and density of links. In Task 2, the five-finger dome gesture
needed assistance in terms of helping the fingers stay on the screen consistently while
keeping the hand to be in a dome shape. 2 participants needed help for all questions in
Task 2 due to difficult coordination of fingers, and 1 participant only needed help with
gesture in Q2.3. For Q2.5, one participant needed help with understanding the question.
In Task 5, 2 participants asked for help in supporting their gesture, and one of them also
needed it in Task 6.

6.2.2 Perceived Workloads
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(a) Group 1 NASA-TLX results (b) Group 2 NASA-TLX results

Figure 6.5: Box plots of NASA-TLX perceived workload ratings.
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We collected perceived workload ratings for the TADA system using the NASA TLX
questionnaire which asks participants to rate the workload of tasks on six scales: mental
demand, physical demand, temporal demand, performance, effort, and frustration [41,
40]. The response scale typically has 21 marks on a line, but because we were verbally
asking participants about the questions, we modified the scale to be from 1 to 10. Lower
scores correspond to less perceived workload. Group 1 (Figure 6.5a) had mean scores
of 3.35, 2.15, 1.35, 1.88, 2.7, and 1.68 for the six dimensions respectively. Standard
deviations were 1.35, 1.31, 0.59, 0.81, 1.59, and 1.26. For group 2 (Figure 6.5b, the mean
scores were 3.8, 4.6, 1.6, 2.4, 3.2, and 1.8. Standard deviations were 1.64, 2.70, 0.89, 1.14,
1.64, and 1.1.

In general, we see higher mean and standard deviation scores for mental demand,
physical demand, and effort for both groups. Some participants who gave higher scores
in these categories commented that these could be because of the mental efforts needed
to understand and interpret the audio information (N=4) and rarely the questions asked
(N=1), and the physical efforts from conducting certain gestures (N=2). The effort
score is generally a combination of mental and physical demands and correlates to them.
The higher standard deviations show that some participants found the system to be
more effortless to use than others. Group 2 generally had higher scores than Group 1
possibly due to its small sample size minimizing its statistical influence. P8 from group
2 mentioned that they needed to work hard to understand the questions due to an old
age of 101. In group 2, the physical demand scored higher likely because it had more
instances where people needed assistance with performing the gestures (14 total instances
versus 5 in group 1). In some cases, this was due to a lack of experience with performing

gestures (P8), and personally low dexterity of fingers (P12).

6.2.3 Participant Feedback

From participants’ thinking aloud, answers to the questions on their thoughts on the
TADA system, and observations of them using the system, we incorporated their quali-
tative feedback in terms of the effectiveness of the interaction techniques and the audio
feedback. Overall, P2, 11, and 16 called TADA to be “fun”; P3, 4, 5, and 22 called it
“intuitive”; P1, 3,4, 5, 7, and 11 called it “useful” or “helpful”; P1, 18, 22, and 25 called

it “innovative”.
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6.2.3.1 Audio Information

Below we report on participants’ feedback related to perceiving auditory information.

Distinct Usages of Different Non-speech Audio and Speech: Multiple partici-
pants noted explicitly (N=8) that the sounds meant for different pieces of information
were distinct to be made sense of. P1 and P25 commented that the audio was of good
quality. P10 commented that the non-speech sounds and speech were effectively utilized
for different purposes: “When you are just gathering a sense of the general layout, I
think the sounds are perfect because if [the system] starts to tell you [such information in
speech] all at once, you cannot distinguish [the information]”. Speech is used for describ-
ing more details and instructing directions for searching which “were straightforward”
(P10).

More particularly, participants commented that the audio from the single-finger sweep
(Task 1) was informative to gain an overview of a diagram (N=16). The different pacing
of link sounds using the five-finger dome (Task 2) informed about the variety in the
nodes’ connections within a sub-region in a diagram (N=11). 4 participants explicitly
noted the appropriate usage of speech to gather detailed information using the dwell +

tap interaction (Task 3).

Positive Feedback on Searching Speech Feedback: In Task 4, P9 and P21 com-
mented that the pacing changes in the directional speech instructions from the single-
finger follow was “logical” and “helpful”, informing about the distance from the finger
to the target location. P23 also found the directional responses in speech to the finger

movement to be efficient, allowing P23 to identify the target quickly.

Positive Feedback on Navigation Audio: In Task 5, the proximity guidance audio
with varying volumes used for the dwell + circle interaction helped locate the connected
links of a node (N=4), and P10 could also use it to infer the presence of a link although
the finger did not cross the link. For the dwell + radiate interaction (Task 6), the constant
pluck-like audio from the radiating gesture interacting with the link helped participants
stay on track (N=7). Additionally, 5 participants also noted that the proximity guidance
audio also helped them stay on track, and 6 participants noted it informed them about the
proximity of how close the target node was to their finger position. P18 commented that

the speech associated with Task 6, “Navigating”, served as a clear indication of moving
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from dwell + circle to dwell + radiate, similar to the blister-like bumps on sidewalks in

real-life to discern where a sidewalk changes to a crosswalk for navigation.

Negative Feedback on Audio Summary from Five-finger Dome: However, some
participants (P2, 10, 11) found the audio summary from the five-finger dome interaction
(Task 2) to be too much information making it hard to process. In Q2.1, five participants
confused the fast pace of connected links of one node with the whole quadrant having
the most connections. Four of them acquired the correct answer after some assistance in
reminding them that the question asked about the whole quadrant, and one still did not

get the correct answer.

6.2.3.2 Interaction Techniques

Below we report on participants’ feedback related to the use of interaction techniques.

Difficulties with Five-finger Dome and Dwell + Circle Interactions: From
the quantitative results, we know that some participants needed assistance conducting
especially the five-finger dome (Task 2) and the dwell + circle (Task 5) interactions. P8,
P13, and P16 commented that the five-finger (Task 2) gesture felt too clustered and
awkward to perform. P16 also had long nails which made the gesture hard to perform as
they get in the way of touch recognition, and this was mentioned by P6 and P15 as well.

For the dwell + circle interaction (Task 5), 6 participants found it to be a bit awkward.
The main issue was the dwelling finger drifting as participants performed the circling
gesture using another finger. P25 commented that this was due to the dwelling finger
pressing too hard onto the screen. Because the node sound gets muted during this
interaction to prioritize the proximity guidance audio, participants might not notice the
drifting unless they lift up and down either the dwelling finger or the circling finger
to re-trigger the node sound to confirm they are still on the node. Interestingly, the
finger drifting issue did not impose as a problem to the same extent in other interaction
techniques involving dwelling (no failure or assistance needed on this). From what we
observed from the participants’ interactions, the drifting interfered with the relative
positioning of the two fingers in the dwell + circle gesture, resulting in a less accurate

interpretation of the directions of links coming from the node being dwelt on.

Effects of Tablet Familiarity on Interaction Performance: Such difficulties in

interactions could also be affected by the fact that some participants were less used to
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the tablet. P2, P4, and P25 commented that personally owning the tablet would help

them better position their fingers for more accurate interactions.

Positive Feedback on Other Interactions: However, there were also others who
commented that these interactions were easy to conduct (P9 and P19 for the five-finger
dome (Task 2); P14, P23, and P24 for the dwell + circle (Task 5). P3, 5, and 18 also
found the dwell + circle interaction to be informative of the directions of connected links.
For other interactions, at least seven participants found the dwell 4 tap interaction (Task
3) to be easy. P6 also commented that repeated tapping while dwelling was “stable” and
“consistent”.

For Task 4, participants liked the use of speech recognition. P22 mentioned that this
prevented the need to type on a touch-screen device which could be troublesome, and
P18 commented that this provides more ways for access to information. For the dwell 4

radiate interaction (Task 6), P3, 16, and 23 said it was straightforward and easy to use.

Effects of Individual Differences: Generally, P12 commented that the success of
answering the questions would depend on participants’ individual skills and abilities.
For example, P2, 11, and 12 said they had less superior motor skills affecting their

performance with physical gestures.
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Chapter 7
Discussion

In this chapter, we discuss the evaluation results, and how TADA meets the design goals.
We also delve into its design approaches and trade-offs, compare it with other accessible
diagram formats, assess its limitations, and propose future work. The DPs are discussed
throughout the chapter because we want to show how they are applied in different aspects
of TADA’s design. Participants referred to in this section are from the system evaluation

study.

7.1 Discussion of Evaluation Results

The results from our evaluation study in Chapter 6 showed that most participants were
able to successfully perform the tasks and answer the questions correctly from the audio
feedback using the interaction techniques supported by TADA, with some assistance
for certain clarifications or gestures. To more exactly answer RQ1 from the evaluation
study, participants found the single-finger sweep, dwell + tap, and single-finger follow
with speech commands to be easy and intuitive. The five-finger dome, dwell + circle, and
dwell + radiate sometimes needed more practice and precision. The audio feedback was
generally clear and informative with some participants complimenting the distinctness of
audio used for different purposes (DP1), and the audio quality. The audio from the single-
finger sweep was effective in providing an overview of the diagram, while the five-finger
dome was useful in summarizing a sub-region as another way of gaining an overview; The
dwell + tap helped participants access textual details of a diagram element; The speech
interaction and single-finger follow were straightforward and convenient for searching;
The dwell + circle was informative of the directions and distances of connected nodes;

The dwell + radiate was straightforward and easy to navigate.
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These findings for RQ1 suggest that TADA supports accessible and feasible inter-
action techniques with audio feedback for non-visual access to node-link diagrams. We
found that participants could use different interactions to access different levels and per-
spectives of information (DP3), from overview to detail, from global to local, and from
spatial to semantic. Participants could use the different modalities supported to interact
with the system including touch gestures and speech commands. We also learned that
participants could benefit from the audio feedback that conveyed various aspects of dia-
gram information, such as connectivity, density, direction, distance, location, and textual
details.

For RQ2, participants found the mental demand, physical demand, and effort needed
to be the highest factors of their workload perception. This could be due to the cognitive
and motor skills required to understand and interpret audio information, and perform
gestures accurately. While we did not use the NASA-TLX questionnaire to understand
the exact differences between the experimental tasks, it appears that higher mental de-
mand scores are driven by tasks or questions that involve more complex reasoning or
decision-making compared to those that involve more straightforward or concrete judg-
ments. This was particularly true for the five-finger dome interaction. Similarly, higher
physical demand scores are driven by interaction techniques that require more precise or
coordinated gestures such as the five-finger dome, and dwell + circle. We will discuss

and address these system limitations later in the chapter.

7.1.1 Limitations of the Evaluation Study and Future Studies

Our evaluation study focused on assessing the key interaction techniques of TADA that
are essential to its operation. However, due to the nature of such a study design, we
were unable to comprehensively evaluate all features, including some less central but still
important ones such as the filtering mode, alternative text support, and audio legend.
Additionally, we did not evaluate the use of multiple interaction techniques simulta-
neously or compare different techniques for performing the same task or accessing the
same information. The evaluation study so far is only preliminary because we think it is
currently more important to evaluate if the basic tasks are achievable with the supported
interactions. Because the evaluation focused on the use of interaction techniques in iso-
lation, we miss the bigger picture of whether participants would be able to effectively
combine and switch from one to the other (therefore not evaluating DP5 explicitly). This

definitely needs further study, and we take a bottom-up approach to conduct higher-level
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evaluations in the future. We could also test our system with more complex or diverse
diagrams and visualizations to evaluate its performance and identify potential design

challenges or opportunities.

7.2 Meeting the Design Goals

This section discusses the extent of TADA meeting the two design goals from Section
4.1.

7.2.1 DG1: Achieving Higher Levels on the Ladder of Diagram
Accessibility

In Section 3.3.1, we conceptualized diagram accessibility as different levels on a ladder,
from the lowest to the highest. It starts from not knowing the existence of a diagram,
to knowing a placeholder of a diagram, to accessing a static single view of a diagram,
to accessing multiple perspectives of a diagram, to conducting dynamic queries about a
diagram, and finally to achieving complete and equal access to diagram data. Here, we
use this same ladder to understand in which ways and to what extent TADA provides
access to diagrams. We discuss this from the top level going down to highlight the more
important contributions.

At the highest level (six) of access, TADA aims to present complete diagram informa-
tion, within the current scope of a node-link representation of diagram data. We try to
present the spatial and semantic information effectively by designing various appropriate
interaction techniques and audio feedback to support people with gathering overviews and
details, and conducting operations such as searching, navigation, and filtering. Addition-
ally, TADA provides people with a larger degree of agency to make choices and decisions
on what information to access and what to do with the information than some other
ways of access. For example, one does not need to be dependent on others’ subjectivity
as part of their description of a diagram, or the extent of information statically presented
by textual descriptions. Multiple ways of interactions are provided to access multiple
levels and perspectives of information as options (DP3) for people to choose to process
the information and conduct various possible tasks. P13 and P25 commented that the
system gives them a higher level of confidence and independence. P20 considered this
to be a helpful tool in the toolbox of accessibility as another option to utilize depending

on the situation, and P25 commented that TADA provides ways of access which current
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technology does not support. The level of understanding of diagram information however
still depends on the individual differences in people’s ability and experience; TADA sup-
ports people to achieve equal access, but the actual outcome of people’s understanding
would vary.

TADA provides dynamic queries by supporting interactions and audio feedback, meet-
ing level five on the ladder of diagram accessibility. People query TADA to access specific
information from a diagram by conducting gestures or speech commands; TADA responds
in real-time audio feedback which guides people towards further engagement with their
interactions, creating a continuous and interactive experience. Moreover, by providing
people with a larger degree of agency, people could acquire a deeper level of knowledge
and insight. This can be achieved by using possible combinations of interactions and
their corresponding audio feedback. These are not evaluated in our study, but some par-
ticipants explored such combinations themselves (DP5). For example, P20 commented
that while using the five-finger dome interaction to learn about a sub-area in a diagram,
one could combine it with the single-finger sweep within the same area to gain more in-
formed knowledge. P13 discovered that one could put down multiple fingers in different
parts of a diagram to compare and contrast. P13 put them on two different nodes and
lifted one of them to hear the other clearly, then switched back and forth to identify
the difference in pitch to know which node is more connected. Similarly, P24 could use
the dwell + tap interaction within the local areas of two nodes in parallel to listen to
their individual textual details. Multiple participants were able to naturally utilize the
dwell + tap interaction once learned and combined it with other interaction techniques
in the subsequent experimental tasks to gather more information about the nodes they
were interacting with. By utilizing these different interactions and combining them in
various ways, people can gather more information and gain a deeper understanding of
the diagram from multiple perspectives.

TADA presents multiple perspectives of a diagram depending on the use of interaction
techniques, meeting the fourth level and going beyond the third level on a single static
diagram view on the ladder. Firstly, one single interaction technique supports multiple
tasks (DP3). For example, the default mode of TADA is using single-finger sweeps to
explore a diagram. Quicker sweeps over nodes and links generate more discrete and
faster-paced sounds constructing an audio texture as an overview, and slower sweeps
help people explore the individual details more clearly. With the five-finger dome, people
can adjust the size of the dome for a summary of more information by covering more area,

or focus on a slower audio summary to listen to more details by closing in their fingers.
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Secondly, multiple interactions can help access the same type of information (DP4). For
example, the single-finger follow is designed to find the spatial location(s) of node(s) of
interest by explicitly telling the system about what to search. The single-finger sweep
also inherently searches for spatial locations of nodes or links of contrast like a highly
connected node, and dwell + circle also informs the spatial directions of connected nodes.
For filtering, the five-finger dome, single-finger follow, dwell + circle, dwell + radiate, and
the exclusive filtering mode all support filtering in different ways by leaving out nodes
and links that are not necessary for the tasks.

The bottom two levels on the ladder of diagram accessibility are out of the scope
of the current design of TADA. We assume that there already exists diagram data in a
semantic and machine-readable format, which is parsed to TADA to generate the spatial
representation either from the data or using the force-directed layout at level three on
the ladder. There exists prior work that achieves the automatic extraction of diagram
data from visual diagrams [57, 60, 76], and this is part of the future work for TADA.

7.2.2 DG2: Reducing Barriers to System Access

We chose to use a tablet due to its relatively low cost and general wide availability as
compared to tactile formats which could be expensive and time-consuming to produce,
and we aimed to use a low-priced mid-range tablet to further drive down the economic
cost. Anecdotally, we received multiple comments that suggest having a low cost is the
right direction of design from the formative study (See Section 3.2.2.2 and 3.2.2.3 related
to the drawbacks of other forms of access and tools).

We retained standard touch interactions such as holding or dwelling, swiping, and
tapping to keep the learning curve minimal. P19 found the gestures to be familiar from
common touchscreen devices. P24 also pointed out that the circling gesture in partic-
ular is similar to the “VoiceOver rotor” [8] supported on iOS devices. Our interaction
techniques are combinations of these with new additions, but we aligned with existing
work as much as we could. We borrowed the flicking gesture and second-finger tap selec-
tion from the work by Kane et al. [53], but instead of tapping anywhere on the screen,
we restricted the tapping to be within the local area of the dwelling finger to support
the simultaneous exploration of multiple diagram elements with separate hands. For
interactions involving at least two fingers, people can also choose to use only one hand
or both hands to conduct them. Some participants found using one hand is easier for

certain interactions, and some preferred using two hands. We made the dwelling to be a
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pre-existing condition for subsequent interactions from a second finger because we want
people to maintain their spatial position (DP2) and because it is common to keep a ref-
erence point as people read braille or tactile maps, as informed by literature [31, 89] and
our previous formative study. The threshold values used to detect and recognize touch
gestures were tweaked and refined by trials and errors during the implementation phase,
and by conducting informal pilot studies with three participants to ensure the detection
is optimal.

We learnt from the study by Ramoa et al. [80] that voice-based guidance is the
fastest for people to pinpoint a location and does not require training. We considered
this finding while implementing the search mode. In addition, we also varied the pacing
of the speech to help inform about the distance towards the target, and introduced two
ways of finger movement: one can choose to either move diagonally, axially, or mix both
and the audio feedback adjusts dynamically. P6 and P23 from the evaluation study liked
the freedom to choose between the options. 10 participants commented that the use of
voice-based guidance was very “straightforward”; and they did not need to memorize any
information. P24 found the system was “sort of thinking for me”. We also utilized the
native speech engine from the mobile platforms so that people are already familiar with
it and existing customization to the synthesis engine could be applied as part of future
work. P19 particularly liked the familiarity of the speech engine used in a typical screen
reader, and P22 also mentioned that the usage of speech in TADA aligns with the habits
of screen reader users.

We used real-life metaphors in some of the designed audio feedback. The guitar
sounds were meant to represent the links, and if a link is crossed, a plucked guitar sound
plays as if a guitar string is plucked in real life. Moreover, the proximity guidance audio
is similar to submarine sound navigation which is also used in the sonar navigation in the
work by Ramoa et al. [80] but without the usage of the pitch which is already mapped to
other information in TADA. Some other aspects of our audio design were also observed by
participants to resemble real-life scenarios. For example, P2 found the audio texture from
the single-finger sweep to remind P2 of the physical texture of a street surface while using
a white cane. P18 also mentioned the single-finger follow interaction during searching
is similar to using a cane to navigate in real life following directions. P18 mentioned
that the “Navigating” speech feedback from the system when conducting dwell + radiate
reminded P18 of the sidewalk bumps in real life where a sidewalk merges to a crosswalk.

Although TADA focuses on non-visual access to diagrams, it still represents diagrams

visually. Some participants who were legally blind and could visually access diagrams to
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different degrees commented on the visual access: P13 who was able to visually perceive
a diagram partially mentioned that the contrast of the white diagram with a black back-
ground was beneficial; P13, P19, and P22 all mentioned that people with low vision are
likely to utilize both visual and audio information to access diagrams, adjusting to their
best abilities.

7.3 Design Approaches and Trade-offs

In this section, we discuss some of the design approaches and trade-offs that we considered
when creating TADA.

7.3.1 Benefits and Challenges Associated with Preserving Spa-

tial Information

With TADA, the interaction techniques are designed in such a way that people can
inherently understand the spatial information of a diagram while interacting with it
(DP2), either by touching diagram elements spatially or following the system’s directional
instructions. Multiple participants were able to form a mental image of a diagram or a
sub-region of it, using a common strategy of holding the tablet with one hand to better
relatively position the other hand for interactions. Both the single-finger sweep and the
five-finger dome techniques effectively conveyed overview information from the spatial
area being interacted with as most participants succeeded in Tasks 1 and 2. P1, 3, 14,
and 24 particularly noted the usefulness of the five-finger dome interaction to provide a
high-level understanding of the information within a defined spatial area. P6 commented
that the audio feedback is repeatable and stable which helped with building a picture in
the mind. For dwell 4 circle, P18 commented that the pitch of the link audio informed
how far the connected nodes were, and P16 and P18 noted the proximity guidance audio
was effective to map out the empty space between the links, helping them form a mental
image of the space interacted. With the single-finger follow interaction, P18 and P25
said that they could visualize the path of movement toward the target. P18 particularly
commented that even though the system used a flat touch screen, it has the “tactile
nature” because the audio managed to inform the necessary spatial information to help
people form a mental visualization of the diagram.

For interaction techniques that involve dwelling, P12 and P18 commented that they

liked keeping a finger on a spot and then gathering more information locally because this
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helped them to not lose their position, as per DP2, suggesting this design was effective.
P6 also mentioned that this felt familiar to reading braille which involved keeping a finger
as a reference point. This also aligns with one of the guidelines for non-visual graphics
access [89], which suggests the use of multiple fingers as reference points.

However, some participants found the dwelling to be awkward especially when com-
bined with another finger circling around the dwelling finger, and some encountered the
issue of finger drifting without being aware of it happening. This is not a direct draw-
back of DP2, but one of the interactions related to spatial information. We expand the
interactive area of a node as a finger dwells on it to help resolve the issue to some extent.
Some suggested borrowing techniques from screen readers on mobile like Voiceover on
i0S [9] and Talkback on Android [7], which provide a focus box on an element on the
screen instead of using a finger to hold it down. This aligns with one of the guidelines
from McGookin et al. [71] that recommended avoiding interacting on specific spatial
locations. While this design reduces the physical demand, people would have to mentally
remember the spatial position of a screen element. Icons and menu items typically have
a grid-like or list-like structure to them making it easier to remember, but when it comes
to diagrams which do not have a standardized structure, remembering where the nodes
and links are can be challenging. Dwelling on a diagram element to interact with and
explore it, therefore, has its benefits. As part of the future work for TADA, we could
introduce another interaction (like dwell + double tap) as an option to allow people to
lock and unlock the focus onto a particular diagram element for people who do not want

to dwell + other continuous interactions in some cases.

7.3.2 Balancing between Information Access and Information

Overload

We aim to help people move up the ladder of diagram accessibility by providing multiple
perspectives of information in a dynamic way (DP3), but sometimes the information
might be too much to interpret especially if a diagram gets too complex. For example,
P2, 10, and 11 found the audio summaries using the five-finger dome to contain too much
information for them to process. However, this is the only interaction technique in which
participants found it difficult to decipher the audio. Participants were able to get most
of the correct answers to the questions from the tasks.

There are also strategies such as providing an option to slow down the audio summary

suggested by P7 and P23, or closing in the five fingers to hear less information from a
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smaller area. Moreover, DP4 helped provide flexibility and redundancy for accessing the
same type of information for people to choose and combine interaction techniques. P25
commented that TADA was able to portray multi-dimensional information using audio
and interactions in a non-linear way, and P25 appreciated that TADA provided a new
way to perceive and learn complex information using audio. Part of the reason why some
participants found the audio hard to process was also because no extensive training was
provided during the evaluation study. P7 mentioned that learning everything in one hour
was hard, and most participants commented that perceiving the audio information would

be easier if they had more time to practice and get more familiar with the system.

7.3.3 Balancing New Concepts with Prior Knowledge

We aimed to minimize the learning curve as part of DG2 and this is largely discussed in
Section 7.2.2 on the discussion of how TADA meets DG2. Additionally, we strived to keep
the basis of the meanings of audio information consistent for the different interactions
as foundational knowledge to help people learn new concepts (DP1). For example, the
node and link audio from the single-singer sweep forms the audio summary from the
five-finger dome. For dwell + radiate, we did not design different audio for a finger
to stay on track during navigation but utilize a wiggling motion to continuously move
across the link to produce discrete plucky sounds to inform people they are on track. The
proximity guidance audio always informs the distance toward the target(s) of interest.
Speech interaction is used for triggering particular modes and is distinct from the use of
non-speech audio.

In retrospect, we could include the proximity guidance audio in the searching mode
which was part of an initial prototype so that people can keep applying the idea of it
for searching, but we left it out due to the experimental result from Ramoa et al. [80]
showing that speech-based guidance was faster than sonar-based guidance and did not
require training. However, with the addition of varying the pacing of the speech to inform
distance toward the target and removal of the use of pitch from the sonar-based guidance
in TADA, additional experiments might be needed to further compare the different ways
of pinpointing a location using audio. We suspect that the differences might be marginal

to small.
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7.4 Similarities and Differences with Other Modali-

ties and Formats of Access

Some interaction techniques supported by TADA align with how people are blind explore
digital graphics with tactile sensations. Zhang et al. [99] found that there are five main
exploration procedures. TADA achieves four of them. First, frame following refers to
tracking the boundary of a graphic. This is inherently supported by TADA as the
boundary of a diagram would be the boundary of the tablet. Second, surface sweeping
is the back-and-forth movement to learn the features of objects. This is supported by
the single-finger sweep interaction in TADA to learn the characteristics of the density
and connectivity of diagram elements. Third, relative positioning is the back-and-forth
movement between objects to obtain the relative locations, and this is utilized in the
dwell + circle interaction to perceive the directions of connected links of a node, the
space between them, and relatively how far they reach. This is also supported by the
simultaneous interactions with TADA where people could interact with different parts of
a diagram in parallel. Forth, absolute positioning is to understand the absolute locations
of objects, and this is supported by all interactions in TADA as all diagram elements
are represented in their absolute positions. The last procedure not supported is contour
following, which is to trace the boundary of an object to perceive its size and shape,
which are not inherent properties supported by TADA.

Tactile access still has its advantages. For example, tracking a link is natural in a
tactile diagram, but in TADA, one might need to wiggle their finger as they navigate to
stay on track. P2, P3, and P15 thought that using a tactile diagram would be easier.
However, some participants thought otherwise. P20 said the navigation interactions in
TADA served as an audio version of tactile access. P21 preferred audio-based accessibility
solutions and personally thought TADA was better than a tactile diagram. P2 mentioned
that TADA would be more portable than a tactile diagram, and P25 also mentioned using
audio is more accessible whereas a tactile solution could be expensive. P18 commented
TADA had the “tactile nature” because P18 could create a mental image of the diagram
from the audio feedback.

Text descriptions are a common alternative way to access diagrams, sometimes pro-
viding multiple levels of detail despite being static. However, according to P3, TADA is
a more intuitive and less tedious option. In addition to its other features, TADA also

incorporates the use of alternative text as another means of accessing diagrams.
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7.5 Making Diagram Data or Visualization Accessi-
ble

We refer to diagram data as a dataset containing data points and connectivity information
between the data points and recognize that node-link visualization is one way to represent
the data. We utilize the idea of a node-link diagram as the main representation in TADA
due to its ability to draw attention to certain aspects of the data depending on the
layout algorithm, and resemble semantic structure such as spatial locations in a map
[56]. Visual diagrams can group relevant information together, support straightforward
perceptual inferences [66], and support external memory [18]. Even if a diagram does not
have meaningful spatial properties, it still exploits the properties of spatial relations to
facilitate problem-solving [66]. We also reported the importance of diagrams and spatial
information from the formative study we did with participants with visual impairments.

Information exists in represented forms of data, and TADA is another representation
of the data. It is a nuanced question to determine if TADA is making the diagram data
or the visualization of it accessible. Diagram data could already contain exact spatial
locations using the node-link visualization, similar to how we created the sample and test
diagrams for the evaluation study. Nevertheless, one can argue that the links are simply
a visualization of the relations between data points which could be encoded audibly in
some cases. However, TADA is not a direct translation of diagram visualization into
an accessible version of it (DP6). It borrows important characteristics from a node-link
representation, preserves the spatial data due to the aforementioned benefits of spatial
relations, and represents the diagram data accordingly. It also adds new ways of exploring
and understanding with audio and gesture while aiming to reduce the barrier to access
non-visually. Various interaction techniques are designed to support tasks and gather
different information from a diagram through audio feedback.

We believe that different representations exist for different types of data, and some
are better than others for different purposes. This begs the question if there exists an
audio-first representation of diagram data, and we recognize that this is an open research

area.
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7.6 Limitations of the Current Design of TADA and

Future Improvements

TADA has limitations that need to be acknowledged and addressed as part of future
work, related to its functionality, usability, usage in real-life situations, scalability, and

adaptability.

7.6.1 Functionality Improvements

From the evaluation study, we noticed there were several modifications that could improve
some of the currently supported features of TADA. We are in the process of incorporating
these without altering the core functioning of other techniques. For example, TADA only
filters for one type of node attribute now, and it could include a mechanism to support
multiple layers of filters. The alt-text support can also include more levels of details, and
both the alt-text and audio legend can add the ability to navigate through the sentences
back and forth. The searching mode only supports one finger right now, and more could
be supported with potentially clever ways to use audio to more quickly pinpoint multiple
targets. This can also be combined with the proximity guidance audio which we currently
left out to prioritize voice-based guidance in the search mode.

Multiple participants suggested TADA to support customizations. For example, P7
and P23 suggested the ability to slow down the audio summary from the five-finger dome
interaction to hear it more in detail. P21 wanted to adjust the volume range of the
proximity guidance audio, and P23 wanted to adjust the pitch range of sounds. P14
desired the option to turn certain audio off on demand to focus more on the other audio
information. P7, P22, and P23 wanted to customize the speech synthesis voice and speed,
and P9 suggested a verbosity setting so that a more advanced verbose level has fewer
words.

More tasks could be supported such as annotation, and chunking [20]. Annotation
refers to making notes on the diagram to offload information, and the notes could either
become another attribute of a diagram element, or annotation could become a separate
mode similar to accessing comments on a document. Chucking refers to the grouping of
nodes into hierarchies.

In addition to diagram perception, the modification and creation of diagrams can
also be investigated [38]. Furthermore, because TADA does not currently address the

two lowest levels of diagram accessibility (not knowing the existence of a diagram and
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only knowing a placeholder of a diagram), the automatic extraction of diagram data is
another area that could be explored using existing research methods [57, 60, 76] such
as using image processing models. An example could be designing a way for TADA to
receive a diagram from elsewhere, analyze it, and extract the underlying data to represent

it for interactions.

7.6.2 Usability Improvements

We also observed during the evaluation study that the current design has some usability
issues that could be addressed. For example, the pentagon shaped five-finger dome area
may not fully cover the expected sub-region in a diagram, due to the boundary line formed
between the thumb and pinky finger. To better cover a region, we could approximate the
dome area as a hexagon with an additional vertex between the thumb and pinky finger,
or approximate the area as an oval shape. Additionally, if a finger gets accidentally
lifted off, one has to remove all five fingers and repeat the gesture all over again. Error
prevention can be implemented in that if a finger gets lifted and then put down within a
short period of time, the dome area stays. This could also happen due to input tracking
errors, especially when two fingers stay too close to each other; they could be recognized
as one single touch input. The density of nodes may also affect the distinguishability of
the elements, as nodes may sound like they stick together when they are too close to each
other. This could be improved by making the size of the nodes smaller if the speed of
finger sweep is above a threshold so that the node audio sounds more discrete as nodes
get interacted more quickly. Lastly, for people who find dwelling on a spot continuously
to be awkward with other interactions with another finger, TADA can provide an option
to allow people to lock and unlock the focus onto a particular diagram element without
dwelling, similar to current interactions supported by VoiceOver or TalkBack. This would
however require careful reconsideration of the potential impact on the current operations

of the interface, such as the effect on multiple interactions happening simultaneously.

7.6.3 TADA in the Wild

TADA might encounter some challenges arising from its audio-based interface when op-
erating with certain situational constraints. P13 mentioned that it would be hard to
use a tablet while using a white cane. P5, P19, and P22 voiced their concerns for a
noisy environment because the audio might not be clearly heard. Ahmetovic et al. [3]

designed ways for screen readers to adapt intelligibly in noisy scenarios by adapting the
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volume, frequencies, and speed of audio information, and TADA can potentially borrow
lessons from it to dynamically adapt to a noisy environment. P4 thought using TADA
in real-life might not be quick enough and preferred a question-and-answer system for

instant responses.

7.6.4 Scalability

TADA’s scalability regarding how much diagrammatic information can be represented in
a single diagram is limited by the design of the touch interactions, the effectiveness of
interaction techniques, and the utilization of sonic dimensions. Each node is represented
by a circle with a certain area for a finger to interact with, and this area is expanded
and large enough for a finger to be dwelt on to help prevent finger drifting. This could
potentially cause a problem where multiple nodes exist in close proximity to each other.
If overlap between nodes takes place, TADA is not yet designed to deal with it. Moreover,
if a diagram contains spatial data, it also depends on the designer to craft a spaced-out
diagram instead of one that is more difficult for touch interactions. Scalability is also
partially affected by the use of locality during dwell + circle or radiate. If two nodes are
connected and they are close to each other, the link will not be crossed when circling
around it with two fingers that are not close enough to each other (which is uncomfortable
in itself). In this case, the user can only infer from the proximity guidance sound that
there is a link. If two links are too close to each other and almost parallel, it is also
difficult to distinguish between them. P10 and P20 speculated that if a diagram is very
complex, the audio feedback might not be helpful because it could contain too much
information to be made sense of. Overall, the current design starts making interaction
difficult at around 50 nodes (see Figure 7.1a), and becomes unusable at around 100
nodes (see Figure 7.1b). These limits can be extended through careful design, probably
at the expense of some simplicity or usability. They also depend on the screen size of the
hardware device and a larger screen can accommodate more information at a usable level
(the device we used has a screen size of 10.6 inches). The most vulnerable interaction
technique is likely dwell 4 circle / radiate due to the locality design, followed by the five-
finger dome which currently has a 2-second duration to the audio summary. Increasing
the size of the diagrams that are representable through a system like TADA is worthy of
future study. Nevertheless, we believe that a large proportion of existing diagrams, such
as most of those found in textbooks, instruction manuals and news media, fall below the

threshold exemplified in Figure 7.1a.
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More complex visualizations or alternative layouts could also be considered including
features like directional links and curvy lines. Currently, the information represented by
these either has to be encoded as attributes and interpreted by gaining the details with
dwell + tap (resulting in more procedures to perform and time taken), and it has to
be simplified to the basic layout with straight lines and equally sized nodes (potentially
resulting in more overlapping between diagram elements). We need to think about the
design of the information representation more carefully if we want to effectively include
such complexities Filtering could help with more complex information from a diagram,
but this is a subject that requires further investigation. An alternative to filtering is
organizing a diagram in a hierarchical structure allowing people to start exploring from
a higher hierarchy to help break down the information more. However, this would re-
quire radical changes to the nature of the interface. In particular, navigating hierarchies
requires that the system retains a state about the current level and maintains the recog-

nition of both higher and lower hierarchies.

7.6.5 Adaptability

Participants expressed their interest in seeing the design of TADA to be applied to a
phone form factor which is even more portable. This is an interesting extension of the
design of TADA for it to be utilized in more contexts on the go, but it also offers less
space for spatial perception because diagram elements are much closer to each other.
Some interaction techniques will require adaptations to work through a smaller surface.
P13 also suggested using a tablet for training on how to use TADA on a phone. With a
phone, haptic support can be added to TADA as another modality. This needs additional
considerations in terms of what information the haptic feedback can best represent.
Additionally, we could explore the possibility of applying TADA to other domains
or tasks beyond node-link diagrams. For example, we could investigate how our system
could support data analytics by enabling people to explore and analyze large relational
datasets. Participants also expressed their curiosity about how TADA could potentially
support other types of 2-dimensional diagrams or graphics such as geographical maps,
indoor maps, webpages, statistical charts, role-playing game maps, and art pieces. TADA

could also explore other diagram properties such as shapes and areas.
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Chapter 8
Conclusion

We have explored the problem of diagram accessibility for people with visual impairments.
We conducted a qualitative study with 15 participants to understand the experiences,
challenges, and needs of people accessing diagrams. We proposed a ladder of diagram
accessibility framework to capture the different levels of access that people can achieve.
Based on our findings and insights, we designed and implemented TADA, a Touch-
and-Audio-based Diagram Access system that enables people to interact with node-link
diagrams on a tablet device. We evaluated TADA with 25 participants and found that it
enabled people to perform tasks such as exploring, searching, and navigating node-link
diagrams with high accuracy and low workload. People also gave positive feedback on the
system’s functionalities, usability, usefulness, and learnability. We discussed how TADA
meets the design goals, the design approaches and trade-offs, comparisons with other
accessible formats, limitations, and future work of our research. Our work contributes to
the field of diagram accessibility by providing a thorough understanding of the problem,
a novel system design, and an empirical evaluation of its effectiveness. We hope our
work will encourage further research and development in the area of accessibility making

information more accessible to people with visual impairments.
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Appendix A

Formative Study Procedure



Semi-structured interview

Demographics questions

What is your age?

What is your gender?

What is your professional background?

What is your degree of vision loss?

When was your onset of vision loss?

Do you access diagrammatic information for day-to-day activities at work or for personal
tasks? If so, how often?

Participant questions

The interviewer asks interviewees to choose two or three scenarios where they encounter
diagrammatic information. Interviewees can screen-share samples of their diagrammatic
information if possible. For each scenario:

1.
2.

©ONOoO O~

10.

11.

12.

Describe briefly the diagrammatic information.

Describe briefly the context of the encounter in terms of when, where, how, who, and

why.

To which degree were you successful in accessing the diagrammatic information? (0 -

not successful at all, | had to give up; to 5 - perfectly successful, | got everything |

needed from it very easily)

How often do you encounter the scenario?

What were the motives for or objectives of accessing the information?

What is the importance of the information?

Was it an individual, collaborative, or hybrid setting?

What was the surrounding physical environment? For example, was it in public or

private? Was it personal or professional?

What media was the information presented in? Was it printed, electronic, verbal, or

others?

What did you do when you accessed the information? What tools did you use to access

the information, if any?

What types of tasks do you do with the diagrammatic information? Which are important

to this scenario, if any?
(The followings are some examples: Gaining a general idea of the diagram;
Searching for a piece of information [e.g., a node, or information on a node];
Exploring the diagram in detail; Browsing or navigating through the diagram;
Annotating the diagram; Other tasks [Interviewer asks interviewees to specify
what tasks])

What went well and smoothly when trying to access the diagram?



13. What are the main challenges that you encountered when trying to access the diagram?
(Interviewer could provide some ideas if they do not come up with them on their
own; e.g., Did you have to do something inconvenient? Did it take a long time to
start the tool? Was the circumstance of use awkward?)

14. How did you try to address these challenges, if at all?

15. Do you have any ideas that would help you access diagrammatic information in better

ways?
(Interviewer could afterwards ask more specific questions about the importance
and the usefulness of spatial information, types of haptic / tactile feedback and
sounds that they would utilize, and physical objects that they are familiar with)
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Appendix B

Evaluation Study Procedure



Study Protocol

1. (3 min) Researcher asks participant about their background information.

1.1. What is your age?

1.2. What is your gender?

1.3. What is your educational and professional background?

1.4. What is your degree of vision loss?

1.5. When was your onset of vision loss?

1.6. How much does vision loss impact your life?

1.7. How frequently do you access diagram information in your daily life? (eg. on a weekly basis)

1.8. Briefly explain how do you currently access diagrams in your daily life?

2. (2 min) Researcher explains the general context of the user study, including the main goal of the
prototype, what will be demonstrated, and a brief description of a sample diagram. Researcher
answers any questions from participant.

Script: “Thank you for participating in this evaluation session of our prototype which aims to make
diagrams accessible to individuals with vision loss. | will demonstrate five main interaction modes,
and for each demonstration, you will have the chance to try it out, and answer some questions from
me while thinking aloud. The prototype is built on a tablet which is just in front of you. It has a
diagram on the screen like a flowchart, transportation lines, or in our case a friendship diagram —
Imagine it shows a map of where people are in a room, and if there is a connection line between two
people, it means they are friends. A diagram consists of items and connections between them. Items
refer to the entities or objects such as people, and the connections are relations between the items.
To access the diagram, the prototype will produce audio depending on how you interact with it using
your hands and fingers. During the demonstration, there will be tactile components put onto the
tablet for you to get familiar with the prototype and its interaction modes.”

“We will begin the training demonstrations. Do you mind if | could touch and hold your fingers to
help you move around and get familiar with the gestures? “

3. (12 mins total) (2 min) Researcher explains and demonstrates the single-finger mode and basic
sounds of nodes and links.

Script: “To demonstrate the single-finger mode, | will put my finger onto the screen and begin
moving it. As | move it, you can hear there is a brass-like sound, and there is a string-like pluck
sound. The brass sound means it is a node, and the pluck sound means it is a link. A higher pitched
brass means the node is more connected. A higher pitched pluck means the link is shorter.”

3.1. (2 min) Participant is asked to try out the single-finger mode. A tactile overlay is used to create a
tactile modal of the diagram to help participant understand how the interaction mode with diagram
works. This is then removed.



3.2. (1 min) Repeat above without overlay.

3.3. Participant is asked to interact with the nodes utilizing single-finger mode. Researcher asks
qguestion:

3.3.1. (3 min) Could you describe the overall layout of the diagram?
3.3.2. (1 min)

A) Which part of the diagram has the most connections between people?
B) Which part has the least?

3.3.3. (1 min)

A) Which part of the diagram has the most people?

B) Which part has the least?

3.3.4. (2 min) What do you think of this mode? Why does it work / not work for you?

4. (14 mins total) (2.5 min) Researcher explains and demonstrates the five-finger mode and the
associated audio.

Script: “Next, the five-finger mode is meant for us to access only a partial area of the diagram. What
I dois to put down my 5 fingers and this creates an area that is almost circular on the diagram, and
we hear the sounds of nodes and links only from this region of the diagram. The order of the sounds
goes from the first node, its connected links, then move on to the next nodes. The durations for each
set of a node and its connected links are the same. So the pacing is important in that the more things
we have under our hand, the quicker they would sound. The ‘ding’ sound signifies the start of a
repetition of the sequence of node and link sounds. And | can always change the size of this area by
expanding or contract my fingers.”

4.1. (2 min) Participant is asked to try out the five-finger mode with a tactile overlay to help them
get familiar with this mode.

4.2. (2 min) Repeat above without overlay.

4.3. Participant is asked to utilize the five-finger mode to interact with the diagram and compare the
4 quadrants of the diagram. Researcher asks questions:

4.3.1. (2.5 min)

A) Which quadrant of the diagram has the most connections between people?
B) Which part the least?

4.3.2. (1 min)

A) Which quadrant of the diagram has the most people?

B) Which has the least?

4.3.3. (1 min) Which quadrant has people with unequal numbers of friends?

4.3.4. (2 min) What do you think of this mode? Why does it work / not work for you?



5. (4 mins total) (1 min) Researcher explains and demonstrates secondary tap mode and the
associated audio.

Script: “Now to understand what the nodes and links mean contextually, we hold our first finger on a
node or link, then use a second finger to do a quick tap near the first finger to hear the properties
embedded within the node or link to learn their details. “

5.1. (1 min) Participant is asked to try out the secondary tap mode.
5.2. Researcher asks question:

5.2.1. (1 min) Given a person node, what is the name and professional background associated with
it?

5.2.2. (1 min) What do you think of this mode? Why does it work / not work for you?

6. (5 mins total) (1.5 min) Researcher explains and demonstrates search mode and the associated
audio.

Script: “We could also do a search by speaking what we want to the system, and this is initialized by
a downward flick. Once the system starts to listen for our input, we can tell it what you want, and
put a finger onto the screen to start searching. We hear directional words informing us where to
move our finger towards the desired direction. When we finally reach the target, the system plays a
triumph-like audio signifying we have found what we were searching for. ”

6.1. (1.5 min) Participant is asked to try out the search mode.
6.2. Researcher asks questions:
6.2.1. (1 min) Where is Bob? Locate Bob.

6.2.2. (1 min) What do you think of this mode? Why does it work / not work for you?

7. (7 mins total) (2 min) Researcher explains and demonstrates find-relations mode and the
associated audio.

Script: “We can find the relations, or the connected links of a node. To do this, we keep one finger
on a node. We put down a second finger near this node, and we can move the second finger around
the first finger on the node in a circular fashion to hear the connected links. There is an underlying
audio with varying volume, the louder it is, the nearer we are to a link.”

7.1. (1.5 min) Participant is asked to try out the find-relations mode with a tactile overlay.
7.2. (1.5 min) Repeat the above without an overlay.

7.3. Researcher asks questions:

7.3.1. (1 min) How many friends does Bob have?

7.3.2. (1 min) What do you think of this mode? Why does it work / not work for you?



8. (8 mins total) (2 min) Researcher explains and demonstrates navigating mode and the associated
audio.

Script: “We can also navigate from a node to its neighbour. Following the previous mode, after
selecting a link, we can then move our second finger towards the direction of the link and towards
the target node. We can wiggle our finger to stay on track. The underlying audio works in the same
way, the louder it is, the nearer we are to the target node. When we finally reach, a triumph-like
audio is played. ”

8.1. (1.5 min) Participant is asked to try out the navigating mode with a tactile overlay.
8.2. (1.5 min) Repeat the above without an overlay.

8.2. Researcher asks questions:

8.2.1. (2 min) Navigate from Bob to any of his friends.

8.2.2. (1 min) What do you think of this mode? Why does it work / not work for you?

9. (4 min) Lastly, researcher would ask participant questions about the experience of using the
prototype following the NASA-TLX questionnaire, and any suggestions for improvement. Lower score
is better.

9.1. Mental demand: How mentally demanding was the task?
9.2. Physical demand: How physically demanding was the task?
9.3. Temporal demand: How hurries or rushed was the pace of the task?

9.4. Performance: How successful were you in accomplishing what you were asked to do? (
perfect to failure)

9.5. Effort: How hard did you have to work to accomplish your level of performance?

9.6. Frustration: How insecure, discourage, irritated, stressed, and annoyed were you?





