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Abstract

It is estimated that over one billion people in the world experience some
form of disability: whether they are permanent, situational or temporary,
disabilities always impose restrictions to the independent living of a person.
Nowadays, though, digital technologies can dramatically improve the life of
people with disabilities, giving them opportunities that could not even be
imagined a few years back. Digital technologies move very fast, achieving

more and more impressive results as time passes.

There is a paradox in this situation, though. While digital technologies
have a huge potential to improve life quality for people with disabilities,
the majority of web content available on the Internet still exhibits critical
accessibility issues. Given the abundance of technical standards, laws and
regulations, as well as educational resources and supporting tools to help

anyone produce accessible content, how can this be possible?

Additionally, the full potential of digital technologies when it comes to
making the physical world more accessible has not been fully unleashed yet.
Therefore, the research project documented in this PhD thesis is organized

in two different, yet strictly related branches.

In the first one, an innovative approach to improve the current situation
with web accessibility is proposed; it is argued that, in order to improve the
current situation, it is necessary to rethink from the ground up the way in
which web accessibility is dealt with, producing innovative resources to make
web accessibility more accessible. This ambitious goal can be achieved with

a threefold approach that encompasses:



1. Creating AX, a declarative framework of web components, capable of en-
forcing as much as possible the generation of accessible markup. This is
achieved by employing both static analysis (i.e., enforcing the developer
to provide information that is necessary to generate such markup), and
integrating existing tools for analyzing the generated markup to catch
issues that could not be detected otherwise (i.e., color contrast, where
external CSS stylesheets can play a significant role). The framework
is implemented leveraging existing web technologies (such as various
W3C standards about web components) and can be leveraged along
with other existing JavaScript frameworks. The Visual Rendering of
the components provided by the framework does not carry any design
(i.e., the framework does not take any responsibility regarding their vi-
sual appearance, unless this is strictly necessary to fulfill a requirement

to create a component).

2. Creating an innovative accessibility testing and evaluation methodol-
ogy, that leverages an innovative approach to communicate accessibility
testing results. The main idea behind this approach is to “map” acces-
sibility issues to concepts (such as mouse interactions and the visual
rendering of a page) that developers are already extremely familiar
with, so that they can(a) immediately realize the presence of accessi-
bility issues and (b) clearly and directly perceive their impact on people
with disabilities. This methodology has been implemented by develop-
ing the[Sighted Architects Helper for Accessibility Notation (SAHARIAN)|

browser extension available for Google Chrome.

3. The creation of a categorized, structured collection of curated accessi-
bility resources to make it easier for non-accessibility experts to find
them, even if they do not know what to look for, how and where. This

has been done by developing the A11A website.

Both the theoretical foundations behind these tools, and their design,

development and evaluation process will be discussed; they will be compared



iii

to the current solutions available on the market to highlight their advantages
naturally arising from their innovative characteristics.

The second part of the research project documented in this PhD thesis
provides a significant contribution towards unleashing the full potential of
digital technologies to improve the accessibility of the physical world. More
specifically, this is achieved with two different, yet related proposals. First,
the [Scientific Collections Accessibility Making Process (SCAMP)| methodol-

ogy to make scientific, manipulable artifacts accessible both for blind and

visually impaired people and the general public has been developed, ap-
plying it to the collection of the Brendel models available at university of
Bologna to demonstrate its feasibility; this methodology has been carefully
developed to emphasize natural characteristics of the objects it is applied
to, yet enhancing such strengths to make these artifacts more accessible by

means of interactive, multimodal and multisensorial experiences. Finally, the

prototype of [Accessibility for Virtual Tours (A1TYVT)| a system to support
accessible virtual tours is presented. What makes|A11Y V'1|outstanding from

other similar attempts already proposed in the literature is the fact that it

provides all the features that blind and visually impaired need in order to
explore indoor environments they are not already familiar with, while satis-
fying all the requirements and expectations of their sighted peers from such
a tool in a truly universal design fashion.

All the proposed artifacts have been evaluated by performing various
usability tests with their intended target audiences; evidence shows that they
are effective towards reaching the goals for which they have been developed.
Insights suggest that they have the potential to change the current status

quo for the better in a very significant way.
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Chapter 1
Introduction

The history of the Web is pretty recent. It can be very impressive to
reflect back on what the [World Wide Web (WWW)| has become in thirty

years and its accomplishments. As Paul reflects in her book 100 things we ve

lost to the Internet [Pau2l], the Internet led to a complete revolution in many
aspects of society having an impact both on “big” phenomenons (e.g. the
creation of whole new business opportunities, innovative services, or brand-
new approaches to the way in which people learn and study), as well as the
little details of our everyday life: think for instance to the endless debates
within a group of friends to understand who is right in a discussion, perhaps
giving phone calls to many friends or involving unknown people just to have
another opinion; while in the past this was pretty standard, anyone nowadays
can search for the truth just in a few seconds. The debate on what the
gave us and what is taking back from our lives is going stronger than ever,
involving all aspects of our society and interesting almost any web technology,
and the mentioned book by Paul is only one of such interesting analysis on

how the Internet has changed our life.

But the history of web accessibility is even more recent than that! The
first web accessibility-related act was enacted only in 1998 in the
(Section 508, an amendment added to the Rehabilitation Act
of 1973 [U.S15]), when the World Wide Web was already going strong. It

1



1. Introduction

was pretty evident, though, that it was not as inclusive as even its creators
imagined it to be. While the [World Wide Web Consortium (W3C)| was
already providing different standards to regulate various aspects and web

technologies which lied the foundation for the WWW]| (think of and

|Cascading StyleSheets (CSS)| for instance), web accessibility was not consid-

ered in the process; the first official recognition of its importance, as well
as the necessity of putting additional efforts towards the goal of making the
WWW,| accessible, came when Tim Berners-Lee (the inventor of the WWW
itself) announced the creation of a task-force at specifically in charge
of creating the necessary standards to ensure an accessible web. In a very

popular quote of 1998, he stated that:

The power of the Web is in its universality. Access by everyone

regardless of disability is an essential aspect.

This statement clearly and undoubtedly recognizes the importance of web
accessibility and how it is essential to the existence of the itself. The
first official recommendation from the about web accessibility has been
1.0 [CVI99] (nowadays superseded by 2.1), published only
in 1999.

But at the end of the day, apart from technical standards and regulations,
one may wonder: what is accessibility? How does it impact web pages?
While providing exhaustive answers to these apparently simple questions
would perhaps require a PhD thesis on its own (and these topics have been
indeed widely discussed in the literature), some fundamental aspects can be
briefly covered in order to provide some context about this research project.

In a broader sense, accessibility is the design of products, devices, ser-
vices, vehicles, or environments ensuring that they are usable by people with
disabilities. Two main elements characterize the definition of accessibility:
accessible products should guarantee both “direct access” to such products
and “indirect access” to them (i.e. meaning that they are compatible with
assistive technologies). More specifically, when it comes to the the

concept of web accessibility can be introduced: essentially, web accessibility
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is the inclusive practice of ensuring there are no barriers that prevent inter-
action with, or access to, websites on the World Wide Web by people with
physical disabilities, situational disabilities, and socio-economic restrictions
on Internet connections’ bandwidth and speed. Web accessibility aims to

accommodate the different needs of people with various disability types:

e people with visual impairments (including blindness, low vision and

poor eyesight, various types of color blindness, and so on);

e people with motor impairments (such as difficulties or inability to use
hands including tremors, muscle slowness, loss of fine muscle control,

and so on);

e people with hearing impairments, including deafness and people who

are hard of hearing;

e people with Seizures (such as photo epileptic seizures caused by visual

strobe or flashing effects);

e cognitive and intellectual disabilities, including developmental disabili-
ties, learning difficulties (such as dyslexia or dyscalculia), and cognitive
disabilities of various origins affecting memory, attention, developmen-
tal “maturity”, problem-solving and logic skills, and any other cognitive

or intellectual “ability”;

But web accessibility does not only benefit people with these disability
types; indeed, it also benefits people who may be experiencing permanent,
temporary and situational disabilities. People with permanent disabilities
can be seen as all those people who experience one or more of the disability
types illustrated before; except for very rare circumstances, these disabilities
are permanent as they last for all life of the people experiencing them. In
contrast, temporary disabilities are all disabilities which are temporary by
their nature: a person may be experiencing them for a period of time, but

except for very rare circumstance the date in which the person will stop
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experiencing such limitations is known and falls in a short-term period; these
disabilities include (but are not limited to) broken limbs, hand injuries, or
short term disabilities following surgery or medical treatments. Finally, just
like permanent disabilities, situational disabilities prevent people from doing
what they need to do and being who they want to be; people in this situation
do not need to be “disabled” permanently or in the traditional sense, yet due
to the context (the “situation”) in which they perform one or more tasks they
experience the same limitations that a person with a comparable disability
would. Examples include all people who may be experiencing a boundary
based on the current “situation” in which they are performing the task (e.g.
partial sight due to sun lighting, being one-handed due to carrying a baby in
a stroller, pushing a shopping cart or pulling a trolley).

Additionally, different studies and researches available in the literature
have proven that an accessible website or application is a website or appli-
cation that is more usable for all people [SSS16, [SSS18| [SSS17, [AHV16].
Indeed, at the moment there is not a clear, very well established border in
between accessibility and usability, as often both intersect and contribute to
each other: unsurprisingly, many research projects have tried to investigate
the problem, leading to different ideas, approaches and even philosophies ap-
plied to the product design and evaluation processes (just mentioning a few
of them, these include the proposal by Sauer et al. [SSS20|, universal design
[Mac97]|, and inclusive design |[CCKL13]).

In light of these considerations, it is clear that there are a lot of people
who may benefit from having an accessible web in many ways. Therefore,
it is reasonable to wonder about the efforts to achieve such goal and the
current situation with it. Over the years, many standards and regulations
have been adopted at various levels to provide the opportunity of creating
(and consuming) accessible web content. Such standards had to be produced
for each layer that actually make the web possible in order to ensure that
they cooperate towards enabling the accessible web. To mention a few of

such layers and standards, these include:
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e [Application Programming Interface (API)s within operating systems,

designed and implemented to let [Assistive Technologies (AT)| get the

information they need to convey when they need it, as well as enabling
other user agents (such as web browsers) to expose the semantics about

the rendered elements in a structured way suitable for [AT|consumption;

e technical standards (such as|User Agents Accessibility Guidelines (UAAG )|
2.0 JALPSI15), core accessibility [AP] mappings [DSST17, [DSC22] and
graphics accessibility [AP] mappings [BRDCT18a]), aimed at regulating
how user agents should communicate information to operating system

and expose the semantics of [HTML] elements in web pages;

e specifications on how are expected to consume data through ac-
cessibility provided by operating systems and convey information
to users, such as the accessible name and description computation 1.1
IDGC18] specification;

e various specifications (including 2.1 |CCKC18], |Active Rich In
lternet Applications (WAI-ARIA) 1.1 [DMC™17], |Authoring Tools Ac-|
lcessibility Guidelines (ATAG) 2.0 [CCKC15], to mention only a few)

indicating how web content should be structured, so that user agents

can expose all the necessary information to accessibility provided
by the operating system, and can consume it properly, making web

accessibility actually possible.

Among all these specifications, 2.1 [CCKC18] lie the foundation
for accessible web content as it provides the characteristics that web content
should satisfy in order to be considered accessible. As clearly explained in
the document understanding 2.1 [Acc22d], given the wide variety of
web technologies available nowadays and the complexity arising from the fact
that there can be multiple implementation techniques to achieve the same

goal using them, WCAG] has been structured in three abstraction layers:

e fundamental principles (perceivable, operable, understandable, robust),

which inspire the whole standard;
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e guidelines, a set of which is provided to address each fundamental
principle; they help content authors, developers, designers and any
stakeholder in general understand the characteristics that web content

should have in order to be accessible;

e success criteria, which are practically testable statements that allow to

check whether web content satisfy each guideline or not.

Depending on which and how many success criteria are satisfied, web
content conformance to WCAGI 2.1 can be classified in three different lev-
els (A, AA, and AAA). The problem, though, is that this standard is not
(and cannot ever be) complete on its own as a standalone resource: given
the rapid evolution of the web and the very high number of technologies that
make it actually possible, the 2.1 specification has been written to be
abstract enough to be applied to various present and future web technologies,
yet practical enough to be both implementable in practice leveraging present
and future technologies and testable to assess web content conformance to
it. These complexities lead to the proliferation of a very high number of
additional support resources (guides and tutorials, code examples, videos,
courses, ETC.) explaining how to produce accessible content, how to achieve
the desired conformance level to the WCAG]standard, how to actually assess
web content conformance to it, and in some cases even providing clarifica-
tions on how the standard itself is intended to be used. Such (very useful)
resources are provided by many sources, including the itself. To further
complicate the situation, additional standards are provided to illustrate how
to achieve conformance with 2.1 with specific digital technologies
whose application domain contains specific accessibility-related challenges:
for instance, these include the 1.1 [DMC™17| specification for
rich web applications, the PDF/UA [[SO14] standard for [Portable Document|
[Format (PDF)|files, the [the Digital Accessible Information System (DAISY)
3.0 and the EPUB accessibility guidelines |GKLT22a| standards for books,
or the [Mathematical Markup Language (MathML) 3.0 language for Math

content.
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It may be tempting to think that, given the abundance of accessibility-
related resources available nowadays, even if the process of producing accessi-
ble web content is complex overall the current situation with web accessibility
is in pretty good shape. Unfortunately this is not the case: evidence shows
that the majority of web content available on the Internet still exhibits criti-
cal accessibility issues. Many websites and applications cannot be used at all
(entirely or in part) by people with disabilities, as they do not respect such
standards and therefore people with disabilities cannot interact with them
leveraging the assistive technologies they need (e.g. screen readers for blind
people, or screen magnifiers for the visually impaired). The reasons leading
to this situation have been investigated multiple times over the years, yet
explaining precisely why there is so much inaccessible content out there re-
mains not possible. Other than a general and very well known lack of interest
in the topic among stakeholders, factors like the effectiveness of standards,
guidelines, laws and regulations, how stakeholders (especially web developers)
perceive them, and the appropriateness of accessibility testing and evaluation

tools may play a very significant role [RV21].

But the situation is even worse. Recognizing the importance of web acces-
sibility and that inaccessible web content constitutes a discrimination towards
people with disabilities, many countries and international organizations have
enacted different acts ([Ita04, [U.S15] [Gov10l [Gov19, [Govl8, [Eurl9l, Eurl6]
and many others for different countries and regions) to promote, and in some
cases even mandate, the creation of accessible websites and applications if
they match some specific criteria (for instance, being developed by public
bodies or on behalf of them, or offering public services of general interest).
As discussed in depth in Section even such laws and regulations may
not be effective; in the best scenarios, they produce minimal effects only in
the long term. Instead, there is evidence that web accessibility advances as
technology makes it easier to produce accessible web content (and not due to
an increased interest in it by stakeholders) [HRI3|. This is the reason why

it has been decided to tackle the problem of making web accessibility more
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accessible.

More specifically, the research project documented in this PhD thesis
can be broken down in two different, parallel branches. The first branch
arises from the simple consideration that, given the current situation with
web accessibility, it may be necessary to rethink from the ground up the
whole approach to it. In fact, currently web technologies do not enforce
at all the creation of accessible content; accessibility issues can easily be
unnoticed, as it is possible to create different equivalent implementations of
the same widget which can look the same, yet have different accessibility
degrees. User agents do not encourage stakeholders to produce accessible
web content; additionally, it is argued that the cognitive efforts to create
accessible web content are too much to handle for current web development
workflows. Therefore, the first part of the research project documented in this
PhD thesis proposes an innovative approach to make web accessibility more
accessible by means of three different components to handle three different,

yet related aspects:

e the AX framework, which in contrast to current web technologies allows
the generation of accessible markup by default; whenever information
that is necessary to generate such markup is not provided, the cor-
responding elements are rendered in a way that makes it obvious to

understand that something is wrong, and what the problem is;

e an innovative approach to manual accessibility testing, which maps
(sometimes complex) concepts related to web accessibility on top of
concepts (such as mouse operability and the visual appearance) that
web developers are already familiar with; this methodology is then im-
plemented in the[SAHARIAN| browser extension available for Google Chrome;

e A11A, a structured, categorized repository of accessibility-related re-
sources to make it easier for stakeholders to find and effectively leverage

them to produce accessible web content.

The second branch of the research project documented in this PhD thesis
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alms to propose two innovative approaches to make indoor environments and
scientific, manipulable artifacts more accessible by leveraging digital tech-
nologies while providing features to make these products attractive for the
general public as well, in a truly universal design fashion. It is argued that
indoor environments could be made more accessible for blind and visually im-
paired people by means of accessible virtual tours; therefore, the prototype of
a system to let users enjoy such tours has been created, keeping into account
both the specific requirements of blind and visually impaired people in order
to explore indoor environments they are not familiar with, and the ones of
their sighted peers to find such a system actually useful. The other problem
tackled in the second branch of this research project, about making scien-
tific manipulable artifacts with a high historical value more accessible, arises
from the consideration that there are different objects with these character-
istics lying around; unfortunately, while being beautiful and useful artifacts,
they often get discarded or made inaccessible (both to the general public
and blind and visually impaired people) to preserve them, even if they were
initially designed to be touched and interacted with. This is the reason why
the [Scientific Collections Accessibility Making Process (SCAMP)| method-

ology is proposed, a generic methodology to make such objects accessible

again by means of digital technologies but preserving their physical nature;
more specifically, it consists in a theoretical and practical modelling process
involving the usage of 3D-printing and multimedia technologies to enhance
the specificities of modelled objects by means of the creation of interactive

multimodal experiences.

The remaining of this PhD thesis is organized as follows. In Chapter
the main resources that are related to web accessibility will be described,
analyzing the reasons why their creation has been deemed necessary and
the reasons why they are important. More specifically, Section discusses
the various standards that make web accessibility actually possible and how
they cooperate to achieve the desired result across different abstraction lay-

ers. In Section various laws and regulations to enforce the creation of
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accessible websites and applications in different scenarios enacted by differ-
ent national and international institutions will be examined, illustrating their
most significant characteristics. To complete the analysis of existing accessi-
bility resources, in Section an overview of accessibility-related resources
to support stakeholders in producing web content that is accessible, as well

as testing and evaluating its accessibility, will be provided.

In Chapter [3| the current situation of digital accessibility and the reasons
leading to it will be discussed. More specifically, in Section the current
status of digital accessibility will be discussed, illustrating of the majority
of web content available on the Internet still exhibits critical accessibility
issues. After that, in Section the reasons leading to the current situation
will be investigated: even if there are no absolute certainties in this area,
there are various relevant evidences that are worth considering. Finally,
in Section the current situation about the usage of digital technologies
to make indoor environments and cultural heritage more accessible will be

discussed, highlighting the most significant experiences in these areas.

After that, in Chapter {4l an overview of the research project documented
in this PhD thesis will be provided. In Section [4.1]a high level overview of the
research project, the produced artifacts, and the expected outcomes will be
given. As a large part of this research project is based upon the premise that
currently web accessibility is not accessible, in Section the reasons that
lead to this consideration will be explained. Then, in Section the pro-
posed approach to make web accessibility more accessible by rethinking from
the ground up the way in which it is dealt with nowadays will be illustrated.
In Section to particular artifacts thought to make web accessibility more
accessible as well will be introduced: the ARIA-Service JavaScript library
(to help developers implementing the required keyboard navigation support
for roles), and [the Missing WAI-ARIA Role Explorer (MARE))
(an interactive tool to make information about the specification
easier to find and understand). Finally, in Section the method-
ology and the will be described. Manipulable artifacts more
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In Chapter [5| some technical details about the implementation of all pro-
duced artifacts will be discussed, including the most significant challenges
faced in the process and the solutions adopted to overcome them. More
specifically, in Section the implementation process for the AX framework
will be described; the same is done in Section for the proposed acces-
sibility testing and evaluation methodology implemented by means of the
browser extension, in Section [5.3]for the A11A website, and in Sec-
tion [p.4]for the ARIA-Service JavaScript library and  MARE] In Section [5.5]
the creation of A11YEzamples (a repository containing various accessibility
examples with different characteristics) will be discussed, illustrating the rea-
sons why it has been deemed necessary. Finally, in Section the prototype
implementations for and the methodology will be illus-
trated.

Next, in Chapter [6] the evaluation process that has been performed to
assess the produced artifacts will be described, discussing the obtained rea-
sons. In particular, in Section the performed evaluation process will be
described, illustrating how usability tests have been structured and the rea-
sons that lead to the decision. In Section the main artifacts produced to
implement the proposed approach to make web accessibility more accessible
will be discussed: in particular, the AX framework and the browser
extension have been evaluated. Finally, in Section the evaluation process
for the methodology and the glsallyvt prototype implementations
will be described, discussing the obtained results.

Finally, in Chapter [7] some final considerations are drawn, highlighting
various opportunities for future developments and further research questions

opened by the research project documented in this PhD thesis.






Chapter 2

An overview of accessibility

resources

In order to illustrate the purpose of this research project, it is important
to explain the context behind web accessibility, how “things” work and the
reason why some things are nowadays “the way they are”. In this chapter
the main resources that are related to web accessibility will be described,
analyzing the reasons why their creation has been deemed necessary and the

reasons why they are important.

2.1 Web accessibility standards and guidelines

Web accessibility is made possible by a complex equation that conju-
gates many heterogeneous aspects on two different, yet strictly connected
levels: the content and all of its characteristics, and the end-to-end infras-
tructure that makes it possible to produce, deliver, distribute and consume
such content. Just focusing on the infrastructure, this equation involves
web technologies, user agents (such as web browsers), operating systems, as-
sistive technologies and the ways in which they communicate. If we start
considering content, the number of variables to be considered increases a lot:

nowadays, we are surrounded by web content available through many differ-

13
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Figure 2.1: Accessibility specifications and their targets

ent means (e.g. web pages, mobile applications, other platforms) and in a
wide variety of forms (e.g. text, images, pictures, videos, audio, and more).
People are also involved in the equation: authors and web developers, who
can make very significant decisions that have a very significant impact on the
accessibility of the end results, and users, who may consume such content
with a variety of assistive technologies, devices and user agents. Figure [2.1
illustrates some components involved in this complex equation, along with
different specifications that have been created to requlate their involvement

in making web content accessible.

Since its origin, the [World Wide Web Consortium (W3C)| has played a
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very significant role in the history of the web, its evolution, and the stan-
dardization process of many technologies that are critical to its success. This
is the case for web accessibility as well: over the years, in fact, the
through the WWeb Accessibility Initiative (WAI)|[[| has produced a lot of
accessibility-related documents. Resources produced by the and its

working groups can be classified in various groups, according to different

criteria [Woral:
e their type (recommendation, notes, guides, ETC.);

e their status in the publication process, keeping into account that each

type of resource undergoes a different publication process;

e their purpose, distinguishing between normative resources (technical
standards that have to be respected by the parties they are aimed at)
and informative ones (such as guides and tutorials, documents that try
to explain the more technical resources and the ratio behind technical

standards, tutorials to provide examples and best practices, and so on).

When it comes to web accessibility, both normative and informative re-
sources from the should be examined to get a complete picture of the

context in which this research project originates.

2.1.1 WCAG 2.1

Now at version 2.1,|Web Content Accessibility Guidelines (WCAG | [CCKCIS)|

is perhaps the most important resource, as it lies the foundation for web ac-
cessibility. It provides a set of characteristics that web content should satisfy
in order to be considered accessible. These characteristics can be classified
in three different layers, according to their level of abstraction. At the most
abstract level, you can find the four fundamental principles that inspire the

whole standard:

"https://www.w3.org/wai/
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Perceivable Information and user interface components must be presentable
to users in ways they can perceive. In other words, users must be able
to perceive the information being presented (and therefore it cannot be

invisible to all of their senses).

Operable User interface components and navigation must be operable, mean-
ing that users must be able to operate the interface (and therefore it

cannot require interaction that a user cannot perform).

Understandable Information and the operation of user interface must be
understandable. Users must be able to understand the information as
well as the operation of the user interface (thus the content or operation

cannot be beyond their understanding).

Robust Content must be robust enough that it can be interpreted reliably
by a wide variety of user agents, including assistive technologies. Users
must be able to access the content as technologies advance (therefore,
as technologies and user agents evolve, the content should remain ac-

cessible).

Often abbreviated with the acronym POUR (from merging the first let-
ters of the words Perceivable, Operable, Understandable and Robust), these
are the fundamental principles for accessible content. If any of these prin-
ciples is not respected, users with disabilities will not be able to use the
Web. This is clearly explained in "Understanding" 2.1 [Acc22d], a
support document from the aimed at illustrating the general purpose,
the structure and how to interpret 2.1.

At a lower level, for each principle 2.1 provides a set of guidelines
that help to address that principle. While there are many general usabil-
ity guidelines to make content more usable by all people, 2.1 only
includes those guidelines that address problems only experienced by people
with disabilitied?]] [WCAG]|contains a total of twelve guidelines that have been

2While an in depth discussion about the differences between usability and accessibility
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written to be abstract enough to be applied to various present and future web
technologies, yet practical enough to be implemented in practice leveraging
present and future technologies.

Finally, at the third layer [ WCAG] 2.1 provides a set of success criteria for
each guideline, describing specifically the goal that must be achieved in order
to conform to the standard. Each Success Criterion is written as a statement
that can be either true or false when specific Web content is tested against
it; the Success Criteria are written to be technology neutral.

Depending on which and how many success criteria are satisfied, web
content conformance to can be expressed in three different levels:

o Level A:

— it is the lowest possible level of conformance;
— removes major barriers for blindness, deafness and motor disabil-
ities.
e Level AA:

— being the next level of conformance, implies that content also
conform to [WCAG]level A;

— removes major barriers for low vision users;

— offers a little help for cognitive disabilities and learning difficulties.
o Level AAA:

— it is the highest possible level of conformance, and implies that
content also conforms to level A and AA;

— while this may seem counter-intuitive, it is not recommended re-

quiring this conformance level as a general policy for entire sites

is out of scope for this PhD thesis, it is worth mentioning that in recent years there have
been a lot of discussion about the subject both in the literature and the industry. This
discussion has lead to even design philosophies, such as universal design and inclusive

design, that fully embrace both aspects as a single one.
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because it is not possible to satisfy all Level AAA requirements

for some content.

At the time of writing this PhD thesif’] an update for (version
2.2 [ACM™22]|) is ready as a candidate recommendation snapshot, and thus
it is in the latest stages of the [W3C]| standards publication process [Woral.
2.2 will bring twelve new success criteria regarding navigability, input
modalities, predictability and input assistance guidelines.

With[WCAG]2.1 being technology-neutral, additional documents explain-
ing how to comply with them in specific usage scenarios (such as when lever-
aging specific web technologies) are necessary. The document [Acc22b] is
perhaps the most popular example of such documents, as it illustrates how
to satisfy WCAG] 2.1 success criteria while using specific web technologies.

Notably, among others it provides:

e client-side script techniques, that explain how to meet 2.1 suc-
cess criteria while using client-side scripting languages (such as JavaScript

[ECM99]) to implement dynamic features in a web page;

e CSS Techniques, that explain how to meet WCAG] 2.1 success criteria
with [Cascading StyleSheets (CSS);

e common failures, that document some of the most common failures on
meeting 2.1 success criteria you can find in web applications,
explaining the reason why they are problematic and often providing

more accessible alternatives;

e HTML techniques, that cover specific aspects on how to meet
2.1 success criteria while using [HyperText Markup Language (HTML);

e Server-Side script techniques, that explain how to improve web acces-

sibility by leveraging server-side languages;

3This PhD thesis was written in between December 2022 and January 2023, but is
expected to be published in mid-late 2023.
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Given its nature, techniques for 2.1 [Acc22b)] is not (and perhaps
will never be) exhaustive, and it is subject to change frequently over time;
in addition to this, it is not meant as a standalone resource, but rather as a
support document to be used in conjunction with other accessibility-related
resources.

Due to its structure, understanding WCAG]| 2.1 and how to implement
it to produce accessible web pages and applications might not be immedi-
ate; this is the reason why several supporting documents to explain various
aspects of this specification have been produced by the as well. The
document 2.1 at a glance [Worel, for instance, paraphrases the spec-
ification in order to make its content more “developer friendly”. Other docu-
ments, such as understanding 2.1 [Acc22¢|, are aimed at explaining
why the specification is structured the way it is, and how to use the various
documents that have been produced to support it and get the most out of
them. Finally, the tool how to meet WCAG 2.1 [Word| provides an interac-
tive, customizable view of all WCAG 2.1 principles, guidelines and success
criteria that can be customized depending on the specific use case, allowing

to visualize only information that is relevant to its requirements.

2.1.2 ATAG 2.0

Unfortunately, there can be situations in which WCAG] and its support-
ing documents might not suffice to create truly accessible content. This is
the reason why, in some cases, more specific standards and guidelines (along
with additional supporting documents) have been produced over the years.
Recognizing the importance of authoring toold] created
ITools Accessibility Guidelines (ATAG)| 2.0 [CCKC15], a specification aimed
at ensuring the accessibility of these tools and all content produced by them.
Like WCAG] 2.1, [ATA(] 2.0 is organized around some fundamental princi-

4All software and services, including the ones that implement fully-automated pro-
cesses, commonly used by “authors” (such as web developers, designers, writers and content

creators) to produce web content (static web pages, dynamic web applications, ETC.)
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ples, with different guidelines aimed at addressing them by specific tools. In
particular, the 2.0 specification can be divided in two parts:

e Part A, aimed at ensuring that authoring tools themselves are acces-

sible; this basically states that authoring tools user interface should

comply with WCAG] 2.1.

e Part B, aimed at ensuring that authoring tools support the produc-

tion of accessible content. Guidelines to achieve this goal are centered

around four fundamental principles:

B.1

B.2

B.3

B.4

Fully automatic processes produce accessible content. This prin-
ciple has many practical implications; on one hand, for instance,
if an automatic process detects violations in the content
being processed, it should “require” the user to perform additional
tasks to fix the detected issues; on the other, it means that such
processes should preserve all accessibility-related information, so
that the output document cannot be less accessible than the input

version.

Authors are supported in producing accessible content. Once
again, this principle has many practical implications: in fact,
authoring tools should ensure that the production of accessible
content is possible (providing all the necessary features), guide
authors to produce accessible content, and assist them with man-
aging alternative text for non-textual content (such as images,

audio and video), accessible templates and pre-authored content.

Authors are supported in improving the accessibility of existing
content. Authoring tools should assist authors in checking for

accessibility issues in existing content and fixing them.

Authoring tools promote and integrate their accessibility features.
This means that authoring tools should ensure that the features

necessary for the production of accessible content are available,



2.1 Web accessibility standards and guidelines

21

and documentation promotes the creation of accessible content as

much as possible.

Similarly to what happens with WCAG]| 2.1, for each principle in
different guidelines addressing it and success criteria to test whether each

guideline is “respected” or not are also provided. Authoring tools confor-
mance to [ATAG] can be of two different types:

e full conformance, when the authoring tool can produce accessible web

content without leveraging additional tools or components;

e partial conformance, when the authoring tool would require additional
tools or components in order to conform as a complete authoring sys-

tem.

In both cases, conformance to 2.0 can be expressed in three dif-
ferent levels (level A, level AA and level AAA), with each one implying that
the tools satisfies the previous.

In order to help authoring tools developers with making their products
conform to [ATAG] the [W3C]| provides two different supporting documents.
The first one, Implementing[ATAG| 2.0 [RST15), is a guide to understand the
content of 2.0 and implement it correctly. The second one, at
a glance [Word], is a document that paraphrases 2.0 in order to make

its content more understandable for web developers and content authors.

2.1.3 WAI-ARIA 1.1

Speaking of web applications, the advent of [Asynchronous JavaScript|
land XML (AJAX) raised several challenges related to web accessibility. In

fact, this set of technologies made it possible to create web applications on a
completely different level of complexity, having user interfaces and features
more similar to the ones you could find in desktop applications rather than

what had been available on the Internet until then. In addition to this,
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makes it possible to break some of the fundamental assumptions that
the [World Wide Web (WWW)| had been based upon before of its advent:

e an update to the page requires a full page refresh, meaning that the
web page has to be loaded again entirely for changes to be reflected on

the screen;

e navigation actions (such as clicking on a link) originate full page reloads,

meaning that they load new pages, or reload the existing one entirely;

e once the page is loaded, except for minimal aesthetic effects (think of
the marquee HTML element), its content cannot be changed without

reloading it.

broke all these assumptions, making it possible to partially update
a web page: once the initial HTML is loaded, in fact, JavaScript code can
“take control” and change the page dynamically in many unpredictable ways.
It can even send additional HT'TP requests to fetch new resources and display
additional content on the same page. It is no longer true that navigation
actions originate full page reloads, as JavaScript code can intercept native
browser events and implement any custom business logic to handle them.

With the purpose of making this kind of web applications accessible, along
with giving developers an opportunity to enrich the semantics of more tra-
ditional web pages, the [Active Rich Internet Applications (WAI-ARIA)| 1.1

specification [DMCT17| was born. It provides several attributes to be used

with various web technologies to expose information that are very useful to
assistive technologies (such as points of a page that change dynamically) that
could not be exposed otherwise, as well as providing various mechanisms to
represent the semantics of various user interface controls (from basic ones
such as buttons and links, to the most complex of them like treeviews and
grids) to assistive technologies. This can be done by leveraging various at-

tributes of three different types:

e Roles, which indicate the type of the element they are applied to. This

mechanism is very powerful, as it allows developers to change the se-
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mantics of elements (for instance, informing assistive technologies that
a static span HTML element will behave like a button). Such association
allows assistive technologies to present (and support all interactions
with) the object in a manner that is consistent with user expectations

about other native elements of that type.

e Properties and statesﬂ which further refine the semantics of the speci-
fied role or provide additional information that is necessary to expose
correctly to assistive technologies (for instance, think of the “slider”
role to represent a slider, and the aria-valuemin, aria-valuemax and
aria-valuenow attributes to specify its minimum, maximum and cur-

rent value, respectively).

To support developers in producing accessible websites and applications
conforming to the specification, the document 1.1
Authoring Practices [KKNT22| has been produced by the It explains
the purposes of the specification, how to use it in specific scenarios, and even
provides a lot of various code examples to demonstrate how to leverage its
features effectively. The document has been demoted from a working group
note on May 19, 2022, but is now superseded by the document
[Practices Guide (APG) [Wor22a] ] maintained by the as well.

Given the characteristics of the specification, various docu-

ments have been produced to better describe its usage in so-called host lan-

guages (or, in other words, all markup languages with which it can be used)
and in more specific contexts where it can be useful. The W3C recommenda-
tion ARIA in HTML [FOL22| describes how it should be integrated within
the HTML markup language [Web22¢|. On the other hand, the specification

5There are subtle differences that allow to distinguish states from properties, but there
are many exceptions even to that rule; therefore, in practice the differences between them
becomes irrelevant. In the guide Rules of ARIA [Wor22d], indeed it is suggested to consider

them as “attributes whose name begins with the prefix aria-”
6This change has been deemed necessary “to make the document more useful for de-

velopers”, and let it evolve much faster over time.
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graphics module [BRDCT18b| further enhances the specification
by adding various attributes to enable the creation of accessible complex
graphics and diagrams. Finally, the Digital Publishing Mod-
ule 1.0 specification [GSGM17] allows embedding semantic metadata about
long-form Web document structural divisions by means of WAI-ARIA roles
specific to helping users of assistive technologies navigate through such doc-

uments.

2.1.4 Assessing conformance to accessibility standards

Given the structure, complexity and abundance of web accessibility stan-
dards and guidelines, along with the heterogeneity of content they can apply
to, assessing conformance to such standards is not an easy task. Therefore,
several attempts to standardize both the testing and evaluation process and
expressing such conformance have been made over the years.

Standardized as a working group note, [Web Accessibility Confor-|
mance Evaluation Methodology (WCAG-EM)| [VAZ14] is an approach for
determining how well a website conforms to It is primarily intended

for application to existing web content, and requires a thorough (and in

some cases expensive) review of all content whose conformance to [WCAG

have to be assessed. can be applied to all websites and appli-
cations, for both desktop and mobile platforms. It covers different usage

situations, including self-assessment and third-party evaluation; WCAG-EM
is independent of particular testing and evaluation tools, web browsers, op-
erating systems or assistive technologies. The main evaluation procedure can

be detailed into five main steps:

1. Define the scope of the evaluation. It should be established:

e what is included in the evaluation;
e the goal of the evaluation;

e the WCAG conformance level (A, AA, AAA) against which con-
tent should be checked.
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2. Explore the website. This includes identifying:

e key web pages;
e key functionality;
e types of web content, designs, functionality, and so on;
e required web technologies.
3. Select a representative sample. Guidance on how to select a random,

yet structured sample of web pages when it is not feasible to evaluate

every web page on the website is also provided.
4. Evaluate the selected sample. This is done by:
e determining successes and failures in meeting WCAG success cri-
teria;
e determining accessibility support for website features;
e recording all evaluation steps, possibly making the evaluation re-
producible.

5. Report the evaluation findings. This requires:

e aggregating and reporting evaluation findings;
e making evaluation statements;

e calculating overall scores.

The web service Report Tool [Wor22¢| has been by the [ W3C
to guide users through all the steps of the evaluation process,
allowing to store all data to stop and resume the process at different times
and generate the final report (that can be exported in various formats). The
ATAG Report Tool [Wor22b|, a similar service providing the same features,
is available for guiding people through the test and evaluation process of

authoring tools to assess their conformance to the ATAG 2.0 specification.



26

2. An overview of accessibility resources

Testing and evaluating the accessibility of web content, though, can be
automated to some extent; all the described methodologies, however, are not
sufficient for implementing such tools. Therefore, an even more detailed set
of rules to verify web content conformance to the WCAG 2.1 specification
is provided by the resource Accessibility conformance testing (ACT) rules
[Worb]. These rules are very specific to web technologies and can be seen as
checks that can be directly performed on the[Document Object Model (DOM)

representation of the page being evaluated. Rules included in this resource
undergo a severe review process; they must reflect guidelines and success cri-
teria already present in WCAG 2.1. To make sure they are machine-readable,
the format for creating and storing these rules has also been standardized
with the recommendation Accessibility Conformance Testing (ACT)
Rules Format 1.0 [FKMAZ19].

In order to express the conformance of web content to accessibility-related
specifications, the|Fvaluation and Report Language (EARL) 1.0 [AZS17] can
be used: it consists of a [Resource Description Framework (RDF')| vocabulary
[CWLT14, [CSB14, [GSB14] aimed at the more generic purpose of assessing the

conformance of a web page to a given specification. It can be used to express

accessibility evaluation results in a machine-readable, platform-independent,
and vendor-neutral format; describing test results in a standardized format
facilitates the exchange of information between different types of tools that
are used to evaluate Websites for accessibility [AZ06]. its syntax
and how to leverage it effectively are documented in the 1.0 Devel-
oper Guide [VAZK1T|. Hilera et al. [HOTS™18| proposed a methodology to
combine and compare different accessibility evaluation reports by employing

semantic web technologies as well.

2.1.5 Making other content types accessible

As said at the beginning of section [2.1) though, web content is not made
only of text elements in web pages or user interface controls in web applica-

tions; instead, a very wide variety of content types have been spreading over
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the years. Therefore, it is critical to ensure that they can be made accessi-
ble as well. This is the reason why some specific standards to help authors
produce such content in conformance with 2.1 have been developed.

Some of them will be briefly discussed below.

\Synchronized Multimedia Integration Language (SMIL) 3.0[BJCT08| is a
markup language based on [Extensible Markup Language (XML)|to describe

multimedia presentations. Among other things, it defines the markup neces-
sary to provide information about timing, layout, animations, visual transi-
tions, and media embedding. It can be used to represent media items such as
text, images, video, audio, links to other presentations, and files from

multiple web servers.

Informally known as the standard for digital talking books, the
|Accessible Information System (DAISY) 3.0 |[DAIL2] specification allows the

creation of books in which audio and text can be synchronized to provide fea-

tures like text searching, bookmarks management, extensive navigation (e.g.
by line, word, sentence, paragraph, and so on), and controlling the playback
without adding distortion. It is based upon the 3.0 specification, and
it is nowadays a very popular format used to make and distribute accessible

books for people with disabilities.

The [Timed Text Markup Language 2 (TTML2)| [ACDT18] is a content

type that represents timed text, textual information that is intrinsically or

extrinsically associated with timing information. It can be used either di-
rectly, as a distribution format for content to be referenced by pages or
documents, or as an interchange format to support exchanging infor-
mation among systems currently in use for subtitling and captioning audio
and videos. Currently available as a candidate recommendation, the
|[Web Video Text Tracks Format (WebV'TT)|[PPJH19] is a format used for dis-
playing timed text tracks (such as captions and subtitles) using the <track>
HTML| element. Unlike [TTML2] [WebVTT] has been with the more specific
goal of adding text overlays to <video> elements.

Mathematical Markup Language (MathML)| 3.0 [CIM™14] is a markup
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language intended for describing mathematical notation, capturing both its
structure and content. Quoting its specification, “the goal of MathML is to
enable mathematics to be served, received, and processed on the World Wide
Web, just as HI'ML has enabled this functionality for text”.

Speaking of long-form documents, it is worth mentioning a couple of spec-

ifications for two of the most commonly used formats for their distribution

and consumption. With regard to the accessibility of [Portable Document
[Format (PDF) [ISO08] files, whose popularity is undiscussed, the situation

is pretty complex for various historical and technical reasons whose discussion
is out of scope for this PhD thesis. However, the main specification aimed
at producing such documents in conformance to [WCAG]| 2.1 is the so-called
PDF UA [ISO14] standard produced by the [International Standard Organi-|
lzation (ISO)|l Regarding the more modern [Electronic Publication (EPUB)|

[GHC22|, which is very interesting from an accessibility point of view as it is

built upon existing and very well known web technologies (HTML} [XML] |CSS|

JavaScript for interactivity, [Scalar Vector Graphics (SVG)| and more), the
specification Accessibility 1.1 |GKLT22a] establishes content confor-
mance requirements for verifying the accessibility of Publications, as
well as defining accessibility metadata requirements for their discoverability.

The document Accessibility Techniques 1.1 |GKL™22b]|, then, pro-

vides guidance on how to meet such requirements, along with practical code

examples demonstrating what is explained.

2.1.6 Supporting accessible content

In the complex equation that makes web accessibility possible, an im-
portant role is played by all the software that make the web itself possible.
In particular, operating systems, web browsers and assistive technologies are
the three main actors that should be considered in order to understand why
certain things “are the way they are”.

With regard to operating systems, each one provides a so-called acces-

sibility [Application Programming Interface (API) whose main purpose is to
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provide mechanisms to achieve two different, yet strictly related goals:

1. let other software applications (such as native applications running on
the system itself) expose information about their user interface and the

content they manage; and

2. let assistive technologies consume such information and manipulate
those interfaces to perform all tasks that are necessary to let people

with disabilities control them.

While an in depth analysis of all major operating systems accessibility
APIs to examine how they work and compare their similarities and differ-
ences (explaining the reasoning behind certain decisions and implementa-
tions) would perhaps require a PhD thesis on its own, it is worth discussing
a few aspects that can have a significant impact on web accessibility. In
fact, user agents (such as web browsers and assistive technologies) interact
very often to enable people with disabilities to browse the Web: simplifying
for illustrative purposes, web browsers can be considered kind of a “bridge”
between web content (thus what needs to be accessible), with its accessibil-
ity characteristics as expressed by web developers and content authors, and
assistive technologies and the way they need to consume this information
and manipulate such content (e.g. to let keyboard users activate a link ele-
ment on a page). Given that all accessibility APIs are different, and assistive
technologies available on each platform are even more heterogeneous, several

aspects of this process have been standardized to ensure that:

e web developers can have reasonable expectations that, if web content
is produced according to established accessibility standards, it will be

accessible on all platforms;

e people with disabilities can expect that, if content is produced in con-
formance with established web accessibility standards, assistive tech-
nologies will be able to provide the features they need to consume such

content and manipulate it.
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[User Agents Accessibility Guidelines (UAAG)| 2.0 [ALPS15] is aimed at

helping developers in designing user agents (browsers, browser extensions,

media players, readers and other applications that render web content)that
make the web more accessible to people with disabilities. Quoting the spec-

ification,

a user agent that follows 2.0 will improve accessibility
through its own user interface and its ability to communicate

with other technologies, including assistive technologies.

The document Core Accessibility Mappings 1.1 |[DSS™T17], soon to be
superseded by the updated version 1.2 [DSC22] currently available as a[W3C
candidate recommendation snapshot, establishes how user agents (including
web browsers) should map elements to native elements provided by the
accessibility APIs available on the operating systems they run on, and the
different interactions they should enable to make their semantics match the
ones of the corresponding native element on the platform.

Given its characteristics, and the power it gives to web developers, specific
documents have been published to regulate how information exposed through
attributes provided by the specification should be mapped to the
semantics made available by accessibility APIs on each operating system.
The 1.0 User Agent Implementation Guide [SCSWLI14| provides
such information for the specification, while the document [BRDC™18a] il-
lustrates such mappings for the graphics module [BRDC™18b].

Finally, the[W3C|recommendation Accessible Name and Description Com-
putation 1.1 [DGCI8| establishes several rules on how accessible elements
should be identifiable by users through assistive technologies. To better ex-
plain this concept, the example of screen readers and speech recognition
systems can be considered: for each element, meaning any element exposed
through accessibility APlIs, it is important to let users clearly and uniquely
identify it and its purpose. This is done by computing two strings, the so-
called accessible name and accessible description. The accessible name of an

element is a short string that clearly identifies that element within the user
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interface and should let users immediately understand the element’s purpose;
if appropriate, the accessible name should let the user know what happens
if the element is activated. Examples of accessible names include the label
of a button or text field, the text of a link, and the alternative text of an
image. The accessible description of an element, on the other hand, is meant
to complement its accessible name by providing additional yet very useful
information; for example, in case of a text field, it may consist of additional
information explaining how to fill it. Finally, the role of an element is a very
short string that identifies the semantics of an element, including all sup-
ported interactions. For instance, encountering an element with the checkboz
role, users expect to be able to toggle (enable and disable) it; encountering
an element wit the button role, users expect to be able to activate it to make
something happen; when encountering elements with the [link role, users ex-
pect to be able to activate them in order to navigate to a different page. The
combination of accessible name and role should uniquely identify an element
within a user interface; this enables screen readers, for instance, to immedi-
ately describe the element with this combination when it is focused or allows
speech recognition systems to execute specific commands to focus or activate

that element.

Unfortunately, computing the accessible name and accessible description
of a web page element can be very complex, as there are many mechanisms
that can contribute to its creation; therefore, the Accessible Name and De-
scription Computation 1.1 [DGCIS]| specification provides the pseudocode of
an algorithm to compute them. Determining the role, on the other hand, is
more straightforward: in general, in fact, it is equivalent to the type of the
native accessible element (from the accessibility that its semantics is
mapped to.
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2.2 Laws and regulations

The World Wide Web and its technologies play a very significant role
in our lives. Recognizing its importance, different national and international
institutions have enacted various laws and regulations to enforce the creation
of accessible websites and applications in different scenarios. In this section,
some of the most important ones will be examined, illustrating their most
significant aspects.

With its ratification by the United Nations in 2009, the [Convention on|
[Rights of Persons with Disabilities (CRPD)| [Uni06a] marked a turning point

in establishing the minimum standards for the rights of people with disabil-
ities. More specifically, the convention recognizes the web accessibility as a
central element of the right to an independent living of people with disabil-
ities. In addition to this, its goals and agenda inspires many laws enacted
by countries all over the world to improve the life of people with disabilities.
Through an optional protocol, [UniO6blit also regulates the establishment of
the Committee on the Rights of Persons with Disabilities (UNCRPD Com-

mittee).

The [European Union (EU)|is deeply aware of this issue and has built

up a considerable corpus of disability laws and policies over the past three
decades [FI'18]. In line with the Charter of Fundamental Rights of
the European Commission unveiled the [European Disability Strategy (EDS)|
20102020 [Com10], later renewed in the Strategy 2021-2030 [Com21], which

aims to ensure the full participation of persons with disabilities in society on

an equal basis. To achieve this goal, it proposes a multi-year policy frame-

work for the practical implementation of the [United Nations” Convention|
lon Rights of Persons with Disabilities (UNCRPD)| In this context, web
accessibility regulations arise from two main directives. The first one, the
Directive (EU) 2016/2102 |Eurl6] is intended to improve the functioning

of the internal market, allowing websites and mobile applications of public

bodies to be more accessible. It establishes minimum accessibility criteria
(“strongly” inspired by WCAG]| 2.1 conformance level AA) that must be sat-
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isfied by websites and mobile applications developed by (or on behalf of)
public entities such as administrative courts, police departments, public hos-
pitals, universities, schools, and so on; it also encourages Member States to
make more far-reaching regulations and extend the application to private
entities. Also known as ‘European Accessibility Act (EAA)[, the directive
(EU) 2019/882 |[Eurl9] is the second directive passed by the European Par-

liament and the Council in 2019 to improve the functioning of the internal

market for accessible products and services by removing barriers created by
divergent rules in Member States on that matter. According to the directive,
by doing this both businesses and people with disabilities (and the elderly
population) would benefit from significant advantages. On one hand, people

with disabilities and elderly people should benefit from:
e more accessible products and services in the market;
e accessible products and services at more competitive prices;

e fewer barriers when accessing transport, education and the open labor

market;
e more jobs available where accessibility expertise is needed.
On the other hand, businesses should benefit from:
e common rules on accessibility in the leading to costs reduction;
e casier cross-border trading;
e more market opportunities for their accessible products and services.

is very ambitious in its goals. In fact, products and services covered by
the directive are the ones that have been identified (after public consultation
with both stakeholders and accessibility experts) as being most important
for persons with disabilities while being most likely to have diverging acces-

sibility requirements across countries. Notably, these include:

e computers and operating systems;
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e ATMs, ticketing and check-in machines;

e smartphones;

e TV equipment related to digital television services;
e telephony services and related equipment;

e access to audiovisual media services such as television broadcast and

related consumer equipment;
e services related to air, bus, rail and waterborne passenger transport;
e banking services;
e e-books;
® e-commerce.

It is worth noting that [EAA]also applies to private bodies with certain char-
acteristics; aligning with the [UNCRPD)] it establishes functional accessibility
requirements without specifying technical implementations, thus allowing for
further innovation and flexibility in the future.

When it comes to country-specific laws, some focus strongly on web ac-
cessibility, while others fall slightly behind [YC15]. Enacted in 2004, Stanca
Act [Ita04] is an Italian law stating that “the Government must protect the
right of every individual to access information sources and services regard-
less of disability, in line with the principles of equality established by the
Italian Constitution”. It promotes accessibility of information technology.
The law applies to Italian government websites, as well as other web services
developed by (or on behalf of) public bodies in the country. The law has
been amended several times over the years, and after the 2018 amendment
it implements the latest directives related to web accessibility.

With regard to the [United Kingdom (UK), the FEquality Act of 2010

[Gov10] protects people in the United Kingdom from discrimination based
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on various characteristics (including age, gender, disability) in the work-
place and in wider society. It is a very comprehensive law that regulates
many different, yet related, aspects about discrimination including defini-
tions, complaint procedures, and duties. It applies to both public bodies and
private organizations. More specifically, regarding web accessibility, the UK
Equality Act requires that private website owners do not discriminate against
or disadvantage people with disabilities, therefore enforcing the creation of

accessible websites and applications.

In the|United States (U.S.)| normative references at the federal level about

the rights of people with disabilities arise from two main acts. The first one,
enacted in 1990, is the [Americans with Disabilities Act (ADA) [U.S08b] and

regulates accessibility at the federal level. It ensures equal opportunities

for people with disabilities in the areas of employment, public services and
commercial facilities. [ADA] was significantly amended in 2008 with the [ADA]
Amendments Act [U.S08al] and acts as the foundation of additional, more
specific laws and regulations enacted both by the federal government
and single states. The second one, the Rehabilitation Act [U.S15] of
1973 was the first major federal legislation aimed at ensuring equality for
people with disabilities; amended three times (in 1993, 1998, and 2015), two

of its sections directly pertain to web accessibility:

e Section 504 is a civil rights law that protects qualified individuals from
discrimination based on their disability. It applies to employers and
organizations that receive financial assistance from federal departments

and agencies, including hospitals, nursing homes, mental health centers;

e Section 508 mandates access for people with disabilities to

land Communication Technologies (ICT)| developed, purchased, main-

tained, or used by federal agencies, including websites. At the opera-
tional level, the law directs the federal agency responsible for disability
design guidelines development Access Board) to set mandatory
standards clearly identifying what constitutes “accessible” electronic

and information technology services.
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In addition, eighteen States actually hold statutes specifically related to tech-
nology accessibility [SL18].

With regard to architectural barriers, in the [U.S| the [Architectural Barri]
lers Act (ABA) [U.S94] stands as the first measure by the Congress to ensure

access to the built environment for people with disabilities. The law requires
that buildings or facilities that were designed, built, or altered with federal
money, or leased by federal agencies after August 12, 1968, be accessible.
It covers a wide range of facilities, including post offices, Veterans Affairs
medical facilities, national parks, Social Security Administration offices, fed-
eral office buildings, [U.S] courthouses, and federal prisons; it also applies to
non-government facilities that have received federal funding. It is enforced
through standards for accessible design that indicate where access is required
and provide detailed specifications for ramps, parking, doors, elevators, re-
strooms, assistive listening systems, fire alarms, signs, and other accessible
building elements. Facilities covered by the ABA must meet these standards.

In Canada, it is worth mentioning two different laws. Fnacted in 2005

and amended different times, [Accessibility for Ontarians with Disabilities Act|
[Gov05] is a Canadian provincial law designed to improve access
for Ontarian citizens with disabilities, giving them the opportunity to fully
participate in all aspects of daily life. Building on earlier laws, sets
high standards in order to achieve its goal of an accessible Ontario, and
that includes access to systems. Regardless of size or industry,

applies to all organizations registered in Ontario and establishes accessibility

standards in five different areas:
e customer Service;

e cmployment;

information and Communications;

transportation;

public Spaces.
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AODA| requires that public web content created after 2012 (including web-
sites, applications, and digital documents) must meet the technical require-

ments of the[ WCAG|W3C|specification. Enacted in 2019 after public consul-
tation, the Accessible Canada Act [Govl19| is a federal Canadian bill whose
purpose is to identify, remove, and prevent accessibility barriers in various

areas, including:
e built environments, including buildings and public spaces;

e employment, including job opportunities and employment policies and

practices;

e information and communication technologies, including digital content

and technologies used to access it;
e procurement of goods and services;
e delivering programs and services;

e transportation, including air, rail, ferry, and bus carriers that operate

across a provincial or federal border.
The bill has been crafted to achieve a number of specific goals, including;:

e inherent dignity;

equal opportunity;

barrier-free government;

autonomy;

inclusive design;
e meaningful involvement.

Therefore, it gives the Government of Canada the ability to work with stake-

holders and people with disabilities to create new accessibility standards and
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regulations for sectors under federal jurisdiction; these sectors include bank-
ing, telecommunications, transportation, and the Government of Canada it-
self.

Passed in 1992 and last amended in 2018, the |[Disability Discrimination)|
[Govig| is a comprehensive Australian Act whose goal is to pre-

vent, discriminating against a person in many areas of public life, including

employment, education, getting or using services, renting or buying a house
or unit, and accessing public places, because of their disability. Quoting the
Australian Human Rights Commission, the DDA covers people who have
temporary and permanent disabilities; physical, intellectual, sensory, neuro-
logical, learning and psychosocial disabilities, diseases or illnesses, physical
disfigurement, medical conditions, and work-related injuries. It extends to
disabilities that people have had in the past and potential future disabilities,
as well as disabilities that people are assumed to have. It has a significant
impact on web accessibility as well, as it requires government agencies and

their websites to provide information and services without discrimination.

Today they are also required to meet at Level AA.
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2.3 Accessibility resources

Given the characteristics of accessibility standards and guidelines illus-
trated in Section 2.1] as well as the different laws and regulations enforc-
ing the creation of accessible content as explained in Section it is clear
that many stakeholders should be interested in accessibility-related resources.
Having many heterogeneous interests and goals, these stakeholders differ a
lot from each other; thus they have very different expectations from accessi-
bility resources. Therefore, it is not surprising that a plethora of accessibility
resources have been produced over the years, trying to maximize their impact
and effectiveness for one or more of these target segments by satisfying such

specific expectations in the best possible way.

2.3.1 Resources for accessible content production

Accessibility resources described in Section can be very useful, as
they provide a lot of information to produce accessible content at any level,
in any phase of the development process. But making sense of all the in-
formation contained in these incredibly valuable resources, as well as how
each one fits into the big picture, necessitates a thorough understanding of
“how things work under the hood” as well as hyper specialized knowledge of
complex concepts that is difficult to obtain [RVL22|. As a result, a plethora
of instructional materials have sprung up to assist developers in creating ac-
cessible content, understanding all of these standards, and providing more
hands-on, practical material. Examples are the ones made available by
| Accessibility in Mind (WebAIM) [Web22b|, Deque Systems [Deq22c|, TPGi
[TPG22b], and many blogs curated by members of the accessibility commu-

nity.

Various articles in the literature attempted to present tools and method-
ologies to help stakeholders to integrate accessibility in the development pro-
cesses in order to ensure that the produced artifacts are accessible. Hadadi

[Had21] proposed adee, a plugin that can be integrated within tools com-
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monly used by designers to create mockups for web interfaces; it highlights
accessibility issues (related to target sizes, color contrast, font sizes, and
more) from the earliest phases of the development process, when the project
to be realized is still an idea. Guarino Reid and Snow-Weaver [GRSW09| pro-
posed a work to better illustrate how to apply accessibility guidelines in the
design phase; the color palette analyzer [Deq22b| by Deque Systems, INC.,
the color contrast checker [Web16| and link color contrast checker [Web22d|
by [WebAIM| |Accessible Colour Evaluator (ACE)| [TFALT|, or the system by

Sandnes [San21] can help designers analyze the chosen colors for an interface,

eventually sugesting similar colors with an improved contrast ratio if neces-
sary to comply with the desired WCAG]| conformance level. Martin et al.
IMRCGI0] proposed an innovative approach to engineer accessible web apps
from the conceptual phases of the development process. Arrue et al. [AVAQS)|
examined how heterogenous accessibility guidelines can be integrated in the
development process of a website. Romero-Chacon et al. [RCMCRG™19]
proposed an adaptation of the scrum development process [Sch97, [SS11] to
develop accessible websites; Sanchez-Gordon and Lujan-Mora [SGLM17| pro-
posed a method to integrate accessibility testing in those environments em-
ploying agile development processes. Fogli et al. [FPB10| proposed a design
pattern language to document and implement accessible websites. Rainville-
Pitt and D’amour [RPD09] demonstrated the impact that a [Content Man-|

lagement System (CMS)|can have on the creation of an accessible website, yet

realizing that the majority of such products do not conform to accessibility

standards and guidelines.

Sometimes, resources targeted to very specific groups of people with cer-
tain interests have been produced, keeping into account their specific knowl-
edge and competencies in order to better explain concepts that are related to
web accessibility, thus help them make their products more accessible; this
is the case for A practical guide to improve web accessibility by Ng [Ngl7],
aimed at libraries websites developers, a framework for improving web acces-

sibility and usability of open courseware sites by Rodriguez et al. [RPCT17],
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that proposes a conceptual framework and testing methodology to improve

the accessibility o[Open Educational Resources (OER)|releases in the context

of [(Open Course Ware (OCW)| initiatives, the design methodology proposal

by Navarrete and Lujan-Mora [NLMIS§|, that is targeted towards creating
accessible open educational websites, the guidelines proposed by De Santana
et al. [dSAOABI12| to eliminate web accessibility barriers from experienced
by people with dyslexia, or [Game Accessibility Guidelines (GAG) [Var1§], a

set of guidelines to develop accessible games based on web technologies.

Several attempts to educate people to produce accessible content from
their beginnings in web development have been made. These include the
ones documented by Kelly and El-Glaly [KEG21]| for high school students,
Katsanos et al. [KTTA12| for university students, and Wang [Wanl12| for
undergraduates. All three showed that this approach is effective in raising
students’ awareness of disabilities and leveraging their knowledge on accessi-
bility while maintaining high interest in pursuing a computing degree. Several

tools aimed at helping novices to perform accessibility testing and evaluation

have been proposed as well, such as|Accessibility Evaluation Assistant (AEA )
IBP11] by Bailey and Pearson.

Some attempts to help content creators produce accessible multimedia

content have also been made; these include the Techniques for the publication
of accessible multimedia content on the web [AZMLM20] by Acosta et al. or
collaborative efforts such as TwitterA11Y |[GPM™T20|, a browser extension to
improve the accessibility of images published on the Twitter social network

by Gleason et al.

2.3.2 Resources for accessibility testing and evaluation

As it is very important to assess the conformance of web content to ac-
cessibility guidelines, many testing and evaluation tools have been developed
for this purpose. There are many methods for testing and evaluating web
content accessibility, ranging from checklists and guidelines to automated

testing, including human testing with participants from different user groups
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and hybrid solutions combining these strategies.

These tools can be grouped in two main macro-categories:

e Automated accessibility testing tools, which do not require human par-
ticipation in order to do their business; once activated, they perform a
fully automated process to test and evaluate the accessibility of a web
page or application (in some cases evaluating more than one of them

at the same time).

e Manual accessibility testing tools, which are meant to assist humans

when performing manual accessibility testing and evaluation.

Hybrid solutions that try to combine features from both categories are
being developed as well, constituting a new open and promising research
branch.

Automated accessibility testing tools have been released in many flavors
to meet the widest variety of requirements from various development work-
flows. Each flavor of accessibility testing tool has its own strengths and

weaknesses that arise from their nature. From example:

Web services. Being web applications that run in the cloud and managed
by a third party, they can be used without installing anything in the
environment in which accessibility testing is performed. On the other
hand, the fact that these services run in the cloud, implies that each
evaluated page is uploaded to a third party, uncontrolled server; this
can be a problem when the page is confidential, contains confidential
data, or it is not desirable to upload its code to a third-party (even if
trusted). In addition to this, testing private pages (such as the ones

protected by authentication systems) may not be easy.

Browser extensions. As they are integrated within the web browser, test-
ing and evaluating the accessibility of a web page can be more imme-
diate. On the other hand, these extensions have to be installed before

they can be used; they run in the environment used for accessibility
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testing, with all the possible risks associated with any code being exe-
cuted this way. While some of these extensions contain the logic to do
their business locally, some of them just act as a bridge to a web service
running in the cloud that actually perform the accessibility testing and

passes back the results.

Command line tools. Generally speaking, they consist of standalone ap-
plications that can be run on one or more operating systems. Given

their nature, they offer the flexibility to be integrated in more complex

testing pipelines, such as the ones used in [Continuous Integration (CI)|
and [Test Driven Development (TDD)| workflows. On the other hand,

being executed in the same environment where accessibility testing is
performed, they share the same security risks associated with execut-
ing any code in that environment. While some of these tools do their
business locally, others act as a bridge to a web service running in the
cloud that is responsible for performing the test and passing back the

results.

Frameworks and libraries. As the name implies, they can be used to
build entirely new tools on top of them; given their nature, they provide
the maximum flexibility when it comes to being integrated in more com-
plex testing pipelines (such as the ones used in and Workﬂows).
The main disadvantage of this flexibility, of course, is their complexity;

these tools often require programming skills to be integrated properly.

Generally speaking, automated accessibility testing tools provide a set
of common features; however, their implementation along with some unique
characteristics can differentiate them. It is very common for a single tool
to be provided in all the described flavors to make its usage possible for
the widest audience. While an exhaustive comparison of such tools would
require an entire PhD thesis on this own, some of them and their unique
characteristics will be discussed in this section.

Developed by the [Inclusive Design Research Centre (IDRC)| achecker
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IGL10] is a web service that allows anyone to enter the URL of a publicly
available web page that will be evaluated agains the success criteria of var-
ious specifications 2.1 level A, AA, and AA, requirements arising
from laws such as Stanca Act, and Section 508, ETC.). Similar free
web services include TAW [Taw22|, provided by the TawDist company, and
TotA11Y |Kha22|, developed by the Khan Academy. A similar web service,
but provided as a commercial product by a company specialized in offering
accessibility solutions, is tenon.io [Tenl7|. It allows to evaluate a single page,
or start a crawler to evaluate all pages reachable from the provided URL.
In this category can be classified the tool WCAG/AIl |[GP21] by Gaggi and

Pederiva.

In general, these tools convey testing and evaluation results by means of a
report that consists of a list of issues, in which each problem is accompanied
by a short explanation to let the developer understand what is wrong, along
with a pointer to find the issue in the source code of the evaluated page.
A different approach is used by Arc toolkit [TPG22a] by TPGi and
[Accessibility Evaluation Tools (WAVE) [SW16] by [WebAIM} while they are

available in different flavors, when these tools are used as browser extensions

they communicate accessibility issues by injecting specific icons around the
affected elements. When such an icon is activated, more details about the
problem are provided. Other times, such tools integrate their features within
the developer console of the browser; this is the case of lighthouse [Go020],
developed by Google and included in the Google Chrome browser. Another
browser extension available for accessibility testing is hera-ffr [FGGMQ9,
FGMT1I] for Mozilla Firefox presented by Fuertes et al.

A particular case is the one of the aze-core framework [Deq22al. Primarily
developed by Deque Systems, INC., it consists of an automated accessibility
testing engine implemented in JavaScript as an open source library, whose
code can be executed in both client-side and server-side environments. An
interesting characteristic of this framework is that it is implemented adopt-

ing the zero false positives principle: if an accessibility issue is identified
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as such, it is certain that there is a problem to be fixed. Along with its
permissive license, this enables axe-core to be used in all sorts of web de-
velopment scenarios. Different products provided by the company employ
this framework internally: these include a command line interface tool, and
the Aze Dev Tools |Deq20] browser extension, which is available in a free
version (providing only automated accessibility testing), and pro plans that
make it possible to perform guided manual accessibility testing in combina-
tion with automated checks. Many accessibility testing tools developed by
other companies (for instance, the accessibility insights browser extension

from Microsoft [Mic22]) rely on this framework as well.

Given the abundance of accessibility testing and evaluation tools, the
has published several informative documents to help developers picking
the ones that are most suitable for their needs. The document Selecting Web
accessibility evaluation tools [Wor22c| describes the types of tools available
and illustrates the main features that stakeholders can expect from them; the
document Web accessibility evaluation tools list [Wor22f] contains a list of web
accessibility evaluation tools with a short summary of their characteristics.
Information in this list is not reviewed either by or any third-party, and
developers can freely contribute to the list by adding any tool. Since there
are so many accessibility testing tools, each with its unique pros and cons,
the A11YTools [Ada22| browser extension is an interesting idea: in fact, it
combines many of such tools in a single package, so that the developer can

install a single extension, yet get access to many tools at the same time.

Several automated accessibility evaluation tools have been proposed for
long-form documents as well. Developed by the PDF/UA Foundation,
|Accessibility Checker (PAC) [PDF21] is a free accessibility checker aimed
at verifying the conformance of [PDF| document to the PDF/UA accessibil-
ity standard; Doblies et al. proposed [PDF Accessibility Validation Engine
[DSDHI4], a comprehensive and free web application to identify ac-
cessibility issues in documents and let users fix them. With regard to

long-form documents in the [EPUB]format, Kim et al. presented an automatic
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and semi-automatic two-tier Check System for accessibility [KPLI17];
this is based on another work in which they introduced an Accessibility Au-
tomatic inspector library for EPUB and its Components [KL17|. In general,
though, Eikebrokk et al. [EDK14] argue that the [EPUB]|format may be more
indicate to produce accessible long-form documents than [PDE]

Different tools and frameworks have been developed to help developers
test and evaluate the accessibility of mobile apps as well; these include MATFE
by Eler et al. [ERGF1S]|, the guidelines by Ballantyne et al. [BJJT18|, the
accessibility proposed by Park et al. [PHBT19|, the Enhanced UI Au-
tomator Viewer with improved accessibility evaluation features [PBS16| by
Patil et al. the framework by Salehnamadi et al. [SAL™21], the testing
IDMDOFJAFT17| by De Moura et al. and the features to support accessibility

evaluation provided by the Espresso |[User Interface (UI)| testing framework

|Zel19]. Paiwa et al. proposed a checklist to evaluate both accessibility and
usability of mobile apps [PBMZF20].



Chapter 3

The current status of digital

accessibility

Having examined the main standards that make web accessibility pos-
sible, some laws and regulations influencing their adoption over the world,
and a number of existing accessibility resources to help designers, developers,
content authors, policymakers and all involved stakeholders produce accessi-
ble content, in this chapter the current situation of digital accessibility and

the reasons leading to it will be discussed.

3.1 The current situation of web accessibility

As described in Section there are many standards and guidelines to
help designers, developer and content authors to produce accessible content;
as explained in Section [2.3] even if in some circumstances these standards
and guidelines can be difficult to work with, many resources to support the
diverse and variegate target audiences of stakeholders have been produced.
Nevertheless, it is very common to encounter web pages and applications
that exhibit accessibility issues ranging from the most severe levels to the

least severe ones.

Since 2019, performs a yearly analysis of the most popular
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Home pages with most common WCAG failures (% of home pages)
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A bar chart showing the main WCAG] violation types detected during the
home page analysis of the most popular 1,000,000 home pages.

Source: [Web22al

Figure 3.1: Most common [WCAG]/violation types in the top 1,000,000 home
pages analyzed by WebAIM

1,000,000 home pages on the Internet. Some results demonstrate that the
current situation with web accessibility is far from perfect. In fact, Across
the one million of analyzed pages, 50,829,406 distinct accessibility errors
(accessibility barriers detected by [SW16| having notable end user
impact, and which have a very high likelihood of being WCAG]2 Level A or
AA conformance failures) were detected, scoring an average of 50.8 errors per
page [Web22a|. Figure shows a bar chart representing the most frequent
categories of WCAG] violations detected in the analysis; the data shown in
the chart can be read in Table [A Tl

In many countries several laws and regulations enforce the creation of
accessible websites and applications if they belong to certain categories (e.g.
activities in the educational, health and essential personal services sectors)
or are developed by (or on behalf of) specific subjects established by such

laws (public bodies, with a trend towards including private subjects such
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as service providers and large corporations). However, as demonstrated in
this section many works in the literature demonstrate that such obligations
do not always trigger the desired effect. Several studies have been made
to analyze the accessibility of e-government websites, as well as the ones of
health services companies, service providers, libraries, universities and other
public bodies [MP22].

As there are a lot of studies evaluating the accessibility of websites, dif-
ferent selection criteria have been applied to decide the ones to be explicitly
discussed in this PhD thesis; these include:

e only works published in 2008 or in newer years are considered;

e studies based on WCAGI 1.0 have been excluded. WCAG] 2.0 was re-
leased in 2008 and, being a major overhaul of the specification, it in-

troduced significant differences with the previous 1.0 version;

e when multiple studies examined very similar websites, only a represen-

tative sample of them is discussed.

3.1.1 E-Government websites accessibility

[Electronic Government (E-GOV)|is defined as the Government use of web-

based Internet applications or other information technology to enhance the
access to and delivery of government information and services to the public,
other agencies, and other Government entities; or to bring about improve-
ments in Government operations that may include effectiveness, efficiency,
service quality, or transformation. As will be discussed in this paragraph,
many studies have analyzed these websites from different countries over the
years, leading to the same conclusions: even if they should be accessible for
both legal and ethical obligations, they are not.

Csontos and Heckl [CH21| evaluated the accessibility, usability and secu-
rity of Hungarian websites; results show that, inspite all applicable
laws and regulations, none of the twentyfive websites of the examined Hun-

garian public sector bodies could completely fulfil the recommendations of
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2.1 and half of the websites had only the lowest level of compliance
in usability tests. Furthermore, even if a lot of websites employ the so-called
practice of segregated web accessibility (the practice consisting of creating
a separate, accessible version of a website just for use by people with dis-

abilities) which is proven to be bad for various reasons [LWI1I], even such
theoretically accessible versions exhibit violations.

Kopackova et al. [KMCI0| performed both manual and automated ac-
cessibility tests on thirty-nine local websites in the Czech Republic
in 2006 and 2008; unfortunately, results in 2008 were much worse than the

previous ones, meaning that accessibility deteriorated.

Other studies about e-government websites accessibility in Europe include
the ones by Buzzi et al. [BBR19], Valtolina and Fratus [VEF22]| and Gambino
et al. [GPGI16] for Italy, Basdekis et al. [BKMSI0| for Greece, Akgiil and
Vatansever [AV16] for Turkey, Kuzma |[Kuzl0] about the and Ilhan et
al. [ITU20] in the Cyprus island.

King and Youngblood [KY16| analyzed the accessibility of e-government
websites in Alabama, finding at least one level A violation per site.

Lujan-Mora et al. [LMNP14] evaluated different e-government websites
in South America with different automatic accessibility testing tools. Even
if they used very strict selection criteria that excluded many possible issues,
result show that all examined websites exhibit severe accessibility issues.
Costa and Costa-Vargas [AAVLM18| performed both manual and automated
accessibility testing on two websites, getting the same results: they did not
conform to 2.1. Sanchez-Gordon et al. [SGLMSG20| performed a
similar research to assess the accessibility of Ecuador’s websites.
Serra et al. [SCET15| studied the accessibility of mobile e-government apps
instead, finding that they exhibit many accessibility issues (including the
most basic and trivial to fix ones).

Paul [Pau22| performed a similar evaluation of Indian e-government web-

sites using a sample of sixty-five websites of various ministries, finding that
the majority of the analyzed websites do not meet even WCAG] 2.1 level
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A conformance. However, many studies about the accessibility of
websites and applications have been conducted in Asia. Both Latif and Mas-
rek [LM10] and Isa et al. [ISSS11] evaluated the accessibility of -egovernment
websites in Malaysia; Al-Soud [ASN10] and Abu-Doush et al. [ADBMAABI3|
did the same for websites in Jordan. Similar studies have been conducted by
Al Mourad and Kamoun [AMK13|, Paul [Pau22| and Agrawal et al. [AKS22],
Baowaly and Bhuiyan [BB12|, Bakhsh and Mehmood [BM12], Darmaputra
et al. [DWAT17], and Al-Faries et al. [AFAKARADI3|, Akram and Sulaiman
[AS17|, Tashtoush et al. [TAAS16], Al-Khalifa et al. [AKBA1T|, about web-
sites in Dubai, India, Bangladesh, Pakistan, Indonesia and Saudi-Arabia,
respectively. More particular is the case of China: Rau et al. [RZSZ16|
compared the accessibility of [E-GOV] websites in China in 2009 and 2013;
unfortunately, they demonstrated that accessibility worsened over this five

years time period.

In the literature the accessibility of e-government websites in Africa has
been discussed as well; Werkijika and De Wet [VDWI17| studied the acces-

sibility of e-government websites in [Sub-Saharan Africa (SSA)| examining

which macro factors influenced the accessibility these websites. Their find-
ings indicated that the majority of government websites in [SSA] still had a
long way to go to become accessible. More interesting, though, is that their

cross-country analysis showed that there are three macro factors influenc-

ing e-government accessibility in [SSAL [Human Development Index (HDI)}

|Corruption Perception Index (CPI)| and percentage of the active population
(15-64 years). Countries with high HDI levels and low CPI levels tend to have

websites with fewer accessibility errors, while those for countries with high

percentage of the active population have more accessibility issues. Adepoju
et al. [ASBI16] studied the accessibility of e-government websites in Nigeria;
Nakatumba-Nabende [NNKKTI9| did the same for Uganda, and Bussarhan
and Daoudi [BD14] for Morocco.

Finally, several international studies have also been conducted; this is the

case for Kesswani and Kumar [KK22| who analyzed e-government websites
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across countries that are members of the G7 and [Brazil- Russia-India- China-l
|South Africa (BRICS) international organizations, Lest and Smith |[LS14],

and Cisneros et al. [CHMP21| who did a systematic literature review on this

specific topic.

3.1.2 Education websites accessibility

Many studies have been conducted to assess the conformance of websites
from university and other institutions in the education field to accessibility
standards and guidelines. As for websites, the situation is not too
encouraging. In fact, results show that these websites do not conform to
accessibility guidelines. Such analysis have been conducted in different coun-
tries all over the world. For the sake of information accuracy, studies older
than 2008 or referring only to WCAG] 1.0 won’t be considered.

With regard to universities, Barricelli et al. [BCDR21| demonstrated that,
despite Italian laws requiring such websites to be accessible since 15 years (at
the time the paper was written), universities struggle to satisfy even the mini-
mum accessibility requirements. Manez-Carvajal [MCCMFP21| analyzed the
websites of top-ranking universities in Spain, Chile and Mexico; none of them
fully satisfied the applicable accessibility guidelines. The same emerges from
the analysis by Alamahdi and Steve [AD17|, who evaluated the accessibility
of top-ranking university websites in the world, Oceania and Arabia consid-
ering their initial, admission and course description web pages. Many more
studies demonstrate that universities struggle to satisfy accessibility guide-
lines, standards and regulations in their websites; these include the ones by
Akram et al. [AAS22| on Arabic universities, Kamal et al. [KWAAK16] about
the ones in Jordan, Sodhar et al. [SBA19] on engineering university websites
of Pakistan, Nacheva [Nac2I| on Russian and Bulgarian university websites,
and Arasid et al. JAAWT18| on thirteen universities’ websites in West Java,
Indonesia. Similar findings emerge from the studies conducted by Ismail and
Kuppusamy [IK19] on popular [U.S]college websites. Debevc et al. [DKH15)

demonstrated that applying a very simple heuristic method to test a limited
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sample of pages from an educational website can be enough to demonstrate

the presence of critical accessibility issues.

Recognizing the importance that multimedia resources are assuming in
the education sector, Acosta et al. [AAVZMILM?2()] evaluated the accessibility
of videos published by top ranking universities in the world, while Acosta-
Vargas et al. [AVSUPMRI19| did the same for selected universities in America.
In both cases, videos were not fully accessible due to the lack of captions or
audio descriptions. Campoverde-Molina et al. [CMLMG19| analyzed the elec-
tronic documents published by Ecuadorian educational portals; the situation

with such documents may be even worse than that of web pages.

With regard to special education cooperatives websites, a study by Baule
[Bau20| shows that only 25% of them satisfy minimum [WCAG]|requirements,

even if compliance is enforced by laws and regulations.

Some studies have analyzed the accessibility of school websites as well;
these include the ones by Gongalves et al. [GMP713|, May and Zhu [MZ10]
about public schools of Texas (U.S.),

Open education is an umbrella term under which different understand-
ings of open education can be accommodated [EU 22|. Tt goes beyond
and open research outputs to embrace strategic decisions, teaching methods,
collaboration between individuals and institutions, recognition of non-formal
learning and different ways of making content available. The accessibility in
the open education area has been discussed in the literature as well; such
works include the websites analysis by Navarrete and Lujan-Mora [NLM15],
the accessibility evaluation of repositories by Perifanou and Economides
[PE22], and the systematic literature review by Zhang et al. [ZTNT20|. The
presence of many accessibility issues in this area clearly contrasts with the
definition of open education provided by the Commission [SPCM16].

Other works in the literature that examined specific scenarios include
the research by Shestakevych et al. [SPNT18|, who evaluated the accessi-

bility of web products for Ukrainian inclusive school graduates, Panda and
Chakravarty [PC20], who tested the accessibility of II'T library websites in In-
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dia, Spina [Spil9], who examined the accessibility of online content shared by
various libraries and the benefits of new success criteria introduced in (WCAGI
2.1, and Calle-Jimenez et al. [CISGLM14|, who evaluated the accessibility
of massive open online courses on Geographical Information Systems.
Finally, the accessibility of higher education institution websites has been
evaluated in different countries, obtaining similar results; such analysis in-
clude the ones by Iseri et al. [IUI17] for the ones of the Cyprus island, Roig-
Vila et al. [RVEFM14] for Spain, AlMeraj et al. [ABAQ2I] for the state of
Kuwait, Aziz et al. [AIN10] for Malaysia, Carvajal et al. [CPMI18§]| for Chile,
and the cross-country analysis by Kuppusami and Balaji [KB21|, Kesswani
and Kumar [KK16], and Shawar [Shal5|. Even Finland, which is one of the
leading European countries in terms of high technology and digitalization,
higher educational institutions’ landing pages are not accessible [LLPK22].
No matter what method is used to analyze the accessibility of websites
in the educational area (either relying on automatic tools, real users or ac-
cessibility experts), as stated by Campoverde-Molina et al. [CMLMG20] the
literature confirms that “all the educational websites analyzed in the papers
need to correct errors”. Furthermore, they state that “Educational websites
do not meet any version of and their conformance levels”. Badbard
et al. [BPC10] and Acosta-Vargas et al. [AVLMSUI7| demonstrated that,
while most universities have a Web accessibility policy, most policies have
serious deficiencies; the deficiencies are of sufficient magnitude that many
institutions are likely in violation of the [ADA] and at risk for lawsuits from

people with disabilities, unless these policies get strengthened.

3.1.3 Service providers websites and mobile apps acces-
sibility

Analyzing the accessibility of service provider websites only confirms what

has been already illustrated in this section: all these websites exhibit one

or more accessibility issues, and in most cases such issues are so critical

as to prevent people with disabilities from interacting with them or taking
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advantage of the services they offer.

Sohaib and Kang [SK17| analyzed the accessibility of various -e-commerce
websites for people with disabilities; they confirmed that they exhibit differ-
ent issues, and in many case such issues can prevent people from completing
their purchases. Similarly, Isa et al. [ISAT16| examined the accessibility of
home-stay websites in Malaysia, revealing that most issues can be related
to a few critical errors including images’ alternative text, information and

relationships, color contrast, links purpose, and form field labels.

Accessibility issues characterize health-related websites as well. Most Eu-
ropean healthcare websites feature significant accessibility issues [SLOM19],
but including websites from countries outside the[EUJonly confirms this trend
IMCB21, AVHAV™20]. Birkun and Kosova [BK22| assessed the accessibility

of online English-language courses in resuscitation, demonstrating that web

pages of massive open online courses (MOOC)| (online courses that are avail-

able to the general public for free, potentially causing massive participation)
in [Basic Life Support (BLS)| had severe 2.1 violations concerning
9 of 13 (or 69.2%) guidelines. As demonstrated by Alismail and Chipidza
J[AC21], Niom and Lin [NL22|, Ara and Sik-Lanyi [ASL22|], Ewitt and He

[HH21], and Yu [Yu21], even critical emergency services such as vaccine reg-

istration systems and information portals used in the ongoing COVID-19

pandemic exhibit critical accessibility issues

Financial services and banking websites present critical accessibility is-
sues as well, in some cases even preventing people with disabilities from
using them at all; this is clearly demonstrated by various studies, including
the ones by Kaur and Dani [KD14], Martinez et al. [MDAGI14], Oyefolahan
et al. [OSAB19|, Akgiil [Akg18], Fatima et al. [FBB20], Nazar et al. [NSS17],
Wentz et al. [WPFT19|, Tadele et al. [TRWIS]|, and others. Lorca et al.
ILDAM16] argue that web accessibility implementation is an important and
affordable way that could be used to increase the possibilities to explore on-
line information and meet the Corporate Social Responsibility demands of

stakeholders, showing that smaller banks are more prone to implementing
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web accessibility; while this may seem counterintuitive, it could be explained
by considering that this might help them to differentiate from their competi-
tors and create strategic advantages.

While an in-depth discussion of mobile apps accessibility would require
a separate PhD thesis on its own, for the sake of completeness it is worth
mentioning that the situation is even less encouraging. Studies by Chen et
al. [CCFT22|, Alshayban et al. [AAM20], Yan and Ramachandran [YR19],
Vendome et al. [VSLIV19| and others demonstrated that mobile apps almost
always contain critical accessibility issues that can even prevent people with
disabilities from using such apps at all. The same applies when considering
the accessibility of Videos available on the most accessed Websites (including
social media and video sharing platforms): as demonstrated by Rosas-Villena
et al. [RVRGF15], just considering the issues faced by people with visual

impairments, accessibility of this kind of content is not in good shape either.

3.2 Reasons behind the inaccessible Web

In light of the various laws and regulations requiring the creation of acces-
sible websites described in Section the standards and guidelines shown
in Section and the abundance of resources introduced in Section it
is difficult to explain why so much content available on the Internet is not
accessible as outlined in Section Other than a general and widespread
lack of knowledge and interest among stakeholders, in fact, it is hard to find
the reasons behind the existence of so much inaccessible content on the In-
ternet precisely. In some cases, such as the one cited by Roig and Ribera
[IRR15] for the creation of accessible long-form documents, the process may
be simply too complex for non-technical users to handle. However, it may
be worth discussing certain circumstances to understand the factors leading
to the current situation with web accessibility. Among others, these include
the effectiveness of standards, guidelines, laws and regulations, how stake-

holders (especially web developers) perceive them, and the appropriateness
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of accessibility testing and evaluation tools.

When it comes to accessibility testing, there is no automated tool that
can compete with a human in terms of quality and depth of the analysis.
Unfortunately, manual accessibility testing is a time- and money-consuming
operation, and requires specific and non-trivial competence that may not be
available among stakeholders, and stakeholders may not be willing to acquire
[RV20]. Over time, numerous automated tools have been suggested to help
web developers and content creators find accessibility issues and choose the
best fixes for them; unfortunately, evidence shows that only up to 50% of
accessibility issues can be discovered by automated testing tools [VBCI3).
The rules used by automated accessibility testing tools to detect errors are
often not well documented, and even though a success criterion is said to be
checked, this does not guarantee that the tool is able to detect all possible
violations of that criterion. Therefore, it is difficult to discern advantages
and limitations of the different tools [TA17].

The fact that different coding specifications for the guidelines and varied
searching and matching techniques used by different automatic accessibil-
ity testing programs can result in different evaluation findings for the same
page further complicates the matter. Therefore, effective accessibility testing
methodologies combine automatic accessibility testing (typically with differ-
ent tools) and manual evaluations by one or more experts [AAV19]. Finally,
the evaluation by actual users performing real tasks could also be required
in addition to automated accessibility testing and evaluation by accessibility

experts, as it may unveil different issues [BPGI14].

There is also evidence that developers struggle to grasp accessibility stan-
dards and guidelines, which are perceived as excessively technical and lacking
in problem-solving assistance [HZ14]. Evidence shows that the majority of
website accessibility advancements over time have been brought about by
the adoption of more accessible technologies rather than an increase in inter-
est in digital accessibility [HR13|. Therefore, it may be necessary to rethink

the current approach to web accessibility testing and evaluation [LRV22].
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According to Leite et al. [LSFE21|, the lack of clear guidelines and well
documented testing tools is a factor that discourages the adoption of web
accessibility in mobile app development.

The general awareness of Web Accessibility among stakeholders of a

project is a necessary precondition for creating an accessible website or ap-

plication. Inal et al. [IRY19] show that [User Experience (UX)| professionals

in Turkey believe they have received sufficient training and instruction in
web accessibility, yet they are unaware of the assistive technologies used by
persons with disabilities and the web accessibility standards, and they do
not include them in their usability tests or projects. The literature shows
that the majority of web practitioners involved in the development process,
especially in technical roles, have acquired at least a very basic awareness
of Web Accessibility. In contrast, non-technical and management roles tend
to be less aware [YBVHI1D, [FRE08|. This causes Web Accessibility issues to
be often deprioritized compared to other project requirements [VNvdG17].
In addition to this, insufficient knowledge of web accessibility brings up a
row of potentially harmful conceptions about it. As illustrated by Ellcessor
[EII14] these misconceptions (just to mention a few) include the ideas that

web accessibility:
e compromises aesthetics;
e prevents from adopting technologically advanced solutions;
e cither requires high (unaffordable) expenses or no cost at all;
e is only a concern for people with visual impairments;
e is a topic that is solely the developer’s responsibility.

In contrast, other works in the literature demonstrate these ideas to be
myths rather than truth, as they cannot be confirmed at all in reality. More-
over, findings from Mbipom and Harper [MHI1I]| and Petrie et al. [PHKO04]

show that Web Accessibility has no negative impact on aesthetics, while the
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ones from Schmutz et al. [SSS16, [SSS18| [SSS17], Aizpurua et al. [AHVI6]
and Vollenwyder et al. [VPI™23| demonstrate that it improves performance

and perceived usability for all users, not only people with disabilities.

Another challenging aspect that should be considered is how to let web
practitioners understand how the adoption of a specific design and implemen-
tation (e.g. for a widget in a web page) can address the needs of users with
disabilities and the reasons why it should be preferred to other (inaccessible)
ones. Broad classifications such as people with visual, hearing, motor, or
cognitive and learning impairments offer web practitioners only a rough idea
about potential accessibility barriers people with disabilities may face and
very limited support in determining how to overcome them [VIBT19|. Un-
derstanding potential accessibility barriers becomes even more complex due
to the way individuals use assistive technologies like screen readers, person-
alized stylesheets, screen magnifiers, voice-control and eye-tracking systems
[Edw08], [HRS08] and the skill levels with which they use them [VHI4]: there
can be issues that look like accessibility barriers, but depend on the fact that
the user is not proficient with assistive technologies rather than the website

or application itself.

But this is only a part of the story. In fact, the target users who may ben-
efit from accessible websites and applications include people with temporary
(impairments that are not permanent, such as a broken arm) or situational
(impairments that depend on the context/situation you are in, such as being
in a very crowded and noisy environment) disabilities, which increase the

number of affected users to a much greater extent [Farll].

Furthermore, given that the majority of web developers and content au-
thors are not people with disabilities, it can be argued that there is no direct
experience of accessibility issues in most web projects. Non-disabled people
cannot perceive the content of their work in the way disabled people would,
thus cannot perceive personally and precisely the issues they have allowed to
remain in their code. The usual edit-reload-watch cycle of most development

efforts does not work for accessibility, because developers cannot directly
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watch the effect of the latest edit cycle. Instead, they have to rely on indi-
rect witnesses, be they people with disabilities enrolled as testers, validation
tools, or third-party experts. Additionally, the more indirect this witness
is, the more difficult it is to fix the issues that are found: either accessibil-
ity validation blocks all other development activities, therefore getting very
expensive (in the context of usually late projects) or it is performed in par-
allel with other implementation activities that keep on modifying the code
base being reviewed, making the review itself either pointless, outdated or
unaware of additional accessibility issues being introduced in the meantime
IRV21].

While many aspects related to web accessibility have been discussed in
the literature, not much is available about the way in which accessibility
testing and evaluation results are presented to web practitioners by auto-
matic testing tools. The little information gathered, however, shows that
the current approach (that basically is shared by all tools except for minor

differences) may be problematic [TDR11].

Finally, various aspects directly arising from accessibility standards and
guidelines (especially have been questioned. First off, it is recognized
that the heterogeneity of technologies used on the web is a major strength
in terms of flexibility and adaptability, but also poses major challenges when
it comes to actually develop accessible websites and applications [HC12].
Indeed, several objections to the fact that WCAG]|covers all possible scenarios
(independently of the implementation technologies used) and guarantees the
creation of accessible products that satisfy all requirements of people with

disabilities have been raised.

Alajarmeh [Ala22| discussed the extent of accessibility coverage of mo-
bile applications provided by [WCAG] 2.1 about the requirements of visually
impaired people, finding that several critical aspects are not covered at all;
Da Silva et al. [DSVE22| suggested a strategy to widen such coverage by ex-
panding the automated tests written to verify that the [Ul] of an Android app

works as expected. Rello [Rell5] demonstrated the same lack of coverage for
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the requirements of people with dyslexia to have truly accessible web content.
After a thorough statistical analysis on to demonstrate the validity
of success criteria aimed at satisfying the requirements of people with cogni-
tive impairmentd| Eraslan et al. [EYYHI9] argue that “comparative studies
between various types of cognitive disabilities are very much needed in order
to gain a better understanding of the needs of various user groups with dif-
ferent cognitive impairments and assess the commonalities and differences in
their requirements”.

Since version 2.0, one of the major goals of WCAG| was testability: success
criteria should be either machine testable, meaning that content conformance
can be verified by an automatic testing tool, or reliably human testable. How-
ever, evidence shows that this is not always the case. Brajnik et al. [BYHI2]
conducted an experiment involving twenty-five accessibility experts to verify
how different accessibility audits could agree in their findings. They found
that:

e an 80% agreement between experienced evaluators almost never oc-
curred, the average agreement was at the 70-75% mark, while the error

rate was around 29%;

e trained, but novice, evaluators performing the same audits exhibited
the same agreement to that of more experienced ones, but with a re-
duction on validity of 6-13%;

e expertise appears to improve (by 19%) the ability to avoid false posi-

tives;

e combining the results of two independent experienced evaluators would

be the best option, capturing at most 76% of the true problems and

"While different clinical definitions of cognitive impairments are available, generally
speaking they refer to a broad group of disabilities ranging from intellectual disabilities
to age-related issues with thinking and remembering. They include mental illnesses, such
as depression and schizophrenia, and learning difficulties, such as dyslexia and
\deficit hyperactivity disorder (ADHD)}
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producing only 24% of false positives.

In their experiment, Alonso et al. [AFGM10] made several students (thus
not accessibility experts) manually evaluate the accessibility of a web page:
only eight of twenty-five WCAG] 2.0 success criteria could be considered to
be reliably human testable when evaluators were beginners. Crabb et al.
[CHJT19] showed that there are gaps in the knowledge needed to develop
accessible products despite the effort to promote accessible design, yet de-
signers are aware of where these gaps are and can suggest a number of areas

where tools, techniques and guidance would improve their practice.

Even more worrying is some evidence that WCAG]| conformance may not
be enough to ensure that a website or application is not accessible. Rgmen
et al. [RS12] showed that only 49% of actual accessibility barriers experi-
enced by people with disabilities might have been determined by verifying
the conformance of a website to WCAG] 2.0, suggesting that accessibility
guidelines should also include usability. With a more specific analysis focused
on barriers experienced by blind people, Power et al. [PEPSI12| obtained the
same result. Chandrashekar and McCardle [CM20] investigated the relation-
ship among different guidelines and the usage of switch-control devices: they
found most guidelines to be applicable, even those that were not specifically
thought for removing barriers experienced by people with physical disabil-
ities; they highlight how in some cases complying with 2.1 causes
the border between accessibility and usability to be crossed. Power et al.
[PPFSII] suggests that also implementation techniques should be
evaluated to assess their effectiveness in removing barriers actually experi-
enced by people with disabilities. Sala et al. [SAPV19| even demonstrated
that [E-GOV] websites can exhibit accessibility issues even if they declare their
conformance to and no WCAG] violations are detected
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3.3 Physical objects and indoor environments’

accessibility

The usage of digital technologies to improve the accessibility of physi-
cal objects and indoor environments for blind and visually impaired people,
and, more generally, for people with disabilities, is not new. In the litera-
ture, there are several examples of initiatives, applications, techniques, expe-
riences, and so on that use digital technologies to overcome the limits that
having a disability entails. Making an exhaustive literature review for this
area is certainly a daunting task, and due to the number of proposed works
it would likely be incomplete. However, in this section some projects related
to the usage of digital technologies to improve the accessibility of physical
objects and indoor environments will be examined. Instead of providing an
exhaustive discussion, the focus of this section will be to document work ty-
pologies that are close to the ones for which prototypes have been created as

part of this research project.

3.3.1 Making indoor environments more accessible

Blind and visually impaired people have very specific requirements when
it comes to moving independently in indoor environments, especially if they
are not familiar with them. Other than employing walking aids (such as
the white cane or guide dog), they face different challenges than the ones
their sighted peers face, thus require specific indications and need to adopt
particular behaviors to overcome them [JWW19, [KOBKAT18|. This is clearly
confirmed by examining the methodologies with which (Orientation and Mo-|

bility (O6M)| experts teach blind and visually impaired people to walk in-
dependently [BWW10]. For instance, they teach them to rely on so-called

landmarks to orient themselves in both indoor and outdoor environments;
such landmarks act as references to understand whether they are moving
on the correct path or not, and to understand their surroundings. Land-

marks can be either things that are traditionally used as reference points



64

3. The current status of digital accessibility

by sighted people as well (such as corridors, doors, shapes) or particularities
not considered at all by their sighted peers (such as very slight changes in
walking surfaces, smells, specific sounds, constant noises, direction changes
apparently imperceptible to the average user). These considerations lead
to the fact that creating an accessible system to improve the accessibility
of indoor environments for blind and visually impaired people is a very
complex task, as many specific requirements must be kept into account
[SE07, HCM™15, [FEP13, MSWT1l [EMC™20).

A thoroughly explored approach to make indoor environments more ac-
cessible consists of the creation of indoor navigation systems, applications

whose implementation is very complex due to two main factors:

Positioning system and algorithms. As the [Global Positioning System]
cannot be used to determine the user’s position indoors, the

most disparate technologies have been employed to obtain the same

results. Therefore, navigation systems that leverage positioning algo-
rithms based on Wi-Fi signals (such as [HJLY14, [CHCLI16]), computer
vision and [Augmented Reality (AR)| (such as [TLZX12, YLR*19]),
Near Field Communication (NFC)| (JOOCATI TvalQ, IGST*14]|) and
IRadio Frequency Identification (RFID)| ([CTKOS, I[FLET10]) tags, bea-
cond] (such as NavCog [AGR 16|, AlmaWhere 20 [DMRF20], GuideBeacon
[CNW17] and many more [KSS22]).

Mapping. Generally speaking, creating an accessible indoor navigation sys-
tem requires information unavailable in traditional maps representing
indoor environments [PAK™17]: it is very hard to obtain the semantics
of all elements that are present in such representations, which is critical

to make a navigation system accessible |[GGLT16].

Making it simpler for blind and visually impaired people to explore these

spaces by leveraging digital technologies is another approach that has been

2Beacons are small Bluetooth Low Energy (BLE)| devices that broadcast a customiz-

able data packet at configurable time intervals with a settable transmission power over

Bluetooth.
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extensively studied in the literature to increase indoor accessibility. Unfortu-
nately, the creation of accessible maps is a challenging process under different
aspects. On one hand, as argued by Striegl et al. [SLSSW20], there are “no
widely accepted open standards for the expression of accessibility informa-
tion in indoor maps” and “a lack of methods to assess if indoor maps comply
with the requirements of people with disabilities in terms of orientation and
indoor navigation”. These findings are confirmed in the analysis by Froehlich
et al. [FBCT19|, which highlights additional challenges as well (such as the
ones involved in the capturing of accessibility-related information required
by accessible maps). On the other, the process of determining the most ef-
fective representation for accessible maps is still undergoing: Holloway et
al. [HMBI1S|, for instance, compared accessible maps created by using tac-
tile graphics and 3D printing, demonstrating the latter to be more effective.
Melfi et al. [MMJS22] proposed a common symbols set to represent infor-
mation in tactile maps independently of the printing method used to create
them.

However, Buzzi et al. [BBLMII] discussed several strategies to improve
the accessibility of visual maps for blind and visually impaired people involv-
ing novel interaction methods. Calle-Jimenez and Lujan-Mora [CJLMI16|
proposed a prototype for an indoor map whose information is displayed in a
SVG| image enriched with accessibility-related information; a web application
is then used to display the map in an accessible way, letting blind users ex-
plore it and compute the routes to reach specific points on the map. Melfi
et al. [MBMS22] developed an audio-tactile system aimed at making indoor
maps more accessible “to help blind people preparing a trip to unknown build-
ings”. Senette et al. [SBBT13| proposed a system to enrich graphic maps with
multimodal interactions to make them accessible for blind people. Schmitz
and Ertl [SE12] studied how to display a map interactively on a tactile graph-
ics display to maximize its accessibility. Other hybrid, interactive solutions
include the ones by Wang et al. [WLHHO09| and Ducasse et al. [DBJ1§].

Recognizing the complexity of creating accessible maps, some works in
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the literature have been focusing on simplifying this process. Tang et al.
ITTHZ16|] proposed an automatic method to generate accessible maps for
indoor environments based on floor plants created using the AutoCAD mod-
elling software. Engel and Weber [EW22| proposed Atim, a system for the
automated generation of interactive, audio-tactile indoor maps by means of

a digital pen.

3.3.2 Making physical objects more accessible

When it comes to leveraging digital technologies to make physical ob-
jects more accessible for blind and visually impaired people, scenarios from
everyday-living immediately come to mind: for instance, just considering the
latest advances in assistive technologies and the digitization process of paper
documents, it is clear that a lot of opportunities previously unavailable have
raised, say, from thirty years ago. Even considering the current situation
with digital accessibility (which as described in Section is far from being
optimal), blind and visually impaired people gained a lot of opportunities for
accessing educational information, jobs and professional activities, culture,
and independent-living in general. Digital technologies have enabled blind
and visually impaired people to do things that were unavailable (or, in some
sense, inaccessible) before.

In the aforementioned general progress, a significant trend to improve
the accessibility of physical objects by means of digital technologies has been
object recognition, that allows blind and visually impaired people to identify
objects they cannot touch and get descriptions of their surroundings (e.g. rec-
ognizing people around them without having to wait for them to speak, avoid
potential dangers, explore unknown environments). This is made possible by
works like the ones by Jabnoun et al. [JBAIL4], Parlouar et al. [PDM.J09],
the ones in the literature review by Budrionis et al. [BPDI22|, and many
countless more.

However, digital technologies can also be used to make accessible to blind

and visually impaired people objects that, by their nature or characteristics,
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could not be accessible as they cannot be touched; thinking to an area with
these characteristics cultural heritage immediately comes to mind. Unsurpris-
ingly, many works to improve its accessibility by exploiting digital technolo-
gies (especially and 3D-printing) have been proposed in the literature;
these include tooteko by D’Agnano et al. [DBGV15], the prototype by Grillo
et al. [GMRV22], and the studies by Neumiiller et al. [NRRK14|, Rossetti
et al. [RFL718|, Ballarin et al. [BBV18], Anagnostakis et al. [AAKT16], and
Vaz et al. [VFC20], and Montusiewicz et al. [MBK22].

Finally, there is an area in which digital technologies can make both phys-
ical object and indoor environments more accessible at the same time: the
so-called virtual tours. Usually consisting of simulations of existing locations,
composed of a sequence of videos, still images or 360-degree images and other
multimedia elements such as sound effects, music, narration, text and floor
maps, virtual tours are gaining momentum due to their huge potential (e.g.
[ILXX"22, [SABT20]). Works on accessible virtual tours for blind and visually
impaired people have been focusing on specific, very well targeted areas: fa-
cilitating blind and visually impaired training [FDVS20], giving them
access to cultural heritage ([MS18, DE10]), or exploring indoor spaces (e.g.
[GCO18]). Still, many challenges to ensure the accessibility of virtual tours
have to be dealt with [GSEBT12|.

In any case, for each of the described scenarios, even if different works have
been proposed in the literature there is still no generic system ready to be
deployed and used to make indoor environments and virtual tours accessible
for blind and visually impaired people, offering compelling features to their

sighted peers at the same time.






Chapter 4
The research project

Aim of this research project is to propose an approach to rethink from
the ground up the way in which web accessibility is handled to make it more
accessible. Despite the standards, laws, regulations, and other tools discussed
in Chapter [2| to assist developers, designers, content authors, policymakers,
and all other involved stakeholders in producing accessible content, the sit-
uation with web accessibility is far from ideal, as described in Chapter [3]
While countless attempts have been done to improve the status quo, all of

them lied on the foundation of existing philosophies.

4.1 The research project and its purposes

The main purpose of the research project documented in this PhD thesis is
to create and implement the technologies and methodologies that have been
deemed necessary to improve the current situation with web accessibility.
The “ratio” behind the research project documented in this PhD thesis can
be summarized with the statement making web accessibility more accessible.
Indeed, the project can be divided into two parallel branches that have been

investigated concurrently:

e improving the current web accessibility situation. This includes provid-

ing a strategy to rethink web accessibility from the ground up, developing
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and evaluating all necessary tools and methodologies and complemen-

tary resources to realize this vision;

e leverage digital technologies to improve the accessibility of indoor spaces
and physical objects, keeping into account the fact that general pur-
pose, abstract and readily deployable solutions must be obtained. Each

tool reflects a precise methodology to approach the problem it handles.

Concerning the first branch, the research focuses on finding innovative

solutions for three key areas.:

e the development of accessible websites and applications by people who

are not accessibility experts;

e making manual accessibility testing and evaluation easier for people

who are not accessibility experts;

e minimizing the time and effort required to find any accessibility-related
information that may be relevant to any stakeholder during any process

in which accessibility may be engaged.

In terms of the development of accessible websites and applications, this
research project assumes that current web technologies and user agents can
do far more than they do to enforce the creation of accessible content. Part
of this research project involved demonstrating the truth of this statement,
explaining how this purpose can be achieved. Naturally, various decisions
have been made to ensure that the production of a prototype for the proposed
solution is not only conceivable, but also simple to install and immediately
available for use by potential stakeholders. This has resulted in the creation
of AX: a declarative framework of accessible web components.

Moreover, this project proposes a whole new approach to manual accessi-
bility testing, with the aim of innovating the way accessibility testing is per-
formed. Although automated accessibility testing has advanced significantly
over the past several years, manual accessibility testing will not be phased

out anytime soon. While several tools for simplifying accessibility testing and
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evaluation have been presented over time, none of them have focused on en-
tirely redefining how their users perceive accessibility issues and their impact
on individuals with disabilities. “A picture is worth one thousand words”,
they say; it is a fundamental idea in this project that this statement also
applies when it comes to direct experience of accessibility issues compared
to indirect reports. This has resulted in the creation of a novel method-
ology to let users perform accessibility testing and evaluation and directly

experience the results; this methodology has been actually implemented in a

browser extension called [Sighted Architects Helper for Accessibility Notation|
SAHARTAN

The third key area focuses on making easier for any stakeholder to find

any accessibility-related resource. It should be emphasized that there are
currently a great number of both informative and normative resources, as
well as tools and other materials of any kind with practical examples, to
assist stakeholders in creating accessible web content. However, they are
scattered across the Internet, with all the problems this brings to the ta-
ble: for instance, these include the difficulty of finding them, a general lack
of completeness of any resource considered out of its context, and the hard
problem of enabling non-accessibility experts to distinguish authoritative in-
formation sources from non-authoritative ones. Therefore, as part of this
research project an attempt to improve this aspect has been made as well.
This has lead to the creation of A11A, a structured, categorized collection of
accessibility-related resources available on the Internet organized in a form

that may resemble a wiki.

In developing all three key areas of this branch, a very strong focus has
been put on reducing the cognitive efforts required in order to develop acces-
sible websites and applications, perform accessibility testing and evaluation,
and find accessibility-related information. Indeed, a critical aspect to make
web accessibility more accessible involves making it more “affordable” for peo-
ple who are not expert in this field. In this context, the proposed solutions

intend to dramatically reduce the entrance barriers in all three areas by re-
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thinking entirely the way in which they have been dealt with in recent years.

With regard to the second branch of the research project discussed in this
PhD thesis, a couple of attempts at making indoor environments and physical
objects more accessible thanks to digital technologies have been made as well.
While many proposals from both industry and academy have been discussed
in the literature, to the knowledge of this writer none of them satisfies the

three following conditions at the same time:

e is readily available for large scale deployment;
e is implemented fully embracing the universal design philosophy;

e is implemented so that accessibility features lie at the foundation of the

project and are developed alongside the ones required by abled users.
More specifically, two key problems have been dealt with:

e Creating a prototype for a generic system that, given the representation
of an indoor environment in a specified format, can let users actually
explore it by means of a virtual tour keeping into account their specific
requirements. Such a system is conceived for easy deployment and
conjugate the accessibility requirements of blind and visually impaired
people with the features commonly expected from such systems by their

sighted peers.

e Creating a way to improve the accessibility of physical objects by means
of digital technologies. More specifically, a method to make interactive,
scientific, decomposable objects with a very high historical value (thus
cultural heritage) accessible again by means of digital technologies that
complement tangible artifacts. In particular, this methodology has
been conceived based on the characteristics of the Brendel botanical

models and successfully applied to them by creating a working proto-
type.

While in this PhD thesis all parts of the research project will be discussed
as an integrated approach, it should be noted that they have been thought
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to be used independently one from the others as well. Undoubtedly, their
impact is maximized when used in combination, and indeed the synergy
in the various components (A11A, the AX framework, and and
their similarities are evident. However, as each of them can satisty different
requirements that could arise in different phases in the development process,
they have been carefully designed to work properly as standalone solutions as
well. Of course, all common aspects arise from the fact that all tools originate
from a single approach, that is making web accessibility more accessible by
reducing as much as possible the cognitive efforts required by web developers
to handle it correctly.

All the proposed solutions part of the research project documented in this
PhD thesis, as well as their working logic, ideas and design principles behind

their implementation, will be discussed in the remaining of this chapter.

4.2 Is web accessibility accessible?

The research project documented in this PhD thesis lies its foundation on
the premise that currently web accessibility is not accessible. This may sound
paradoxical, but it is the reason why it has been deemed crucial to adopt
a novel strategy to rethink from the ground up the approach in which web
accessibility is typically handled. This project aims to make web accessibility
more accessible through a novel approach to rethink web accessibility from
the ground up by means of innovative accessibility testing and evaluation
tools, a declarative framework to support web developers, and a collection of
the accessibility-resources already available on the Internet.

As discussed in Chapter [2| countless attempts have been made to make
the web more accessible. Yet, the results show that such efforts require a
very long time to produce the desired results, and in the meantime people
with disabilities are prevented from accessing part of the Web (with all the
consequences that this implies). Figure shows a line chart indicating
the number of elements contained in the top 1,000,000 home pages
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A line chart showing how the number of HTML| elements in the top
1,000,000 home pages analyzed by webAIM is increasing over the years.
Source: [Web22al

Figure 4.1: Number of elements in the top 1,000,000 home pages analyzed
by WebAIM

analyzed by in their annual accessibility report in the last five
years: it clearly indicates that web pages complexity is increasing very fast.
In contrast, Fig. shows a line chart indicating the number of web pages
that contain critical accessibility issues in the last five years from the same
dataset: the trend indicates that this number had just a very, very slight
decrease over time. Thus, it can be assumed that, while stakeholders are
willing to invest in more complexity to get more sophisticated web pages,
they are not doing the same about web accessibility. While many ethical
and socio-economic factors might influence this decision, in this PhD thesis
only the technical aspects will be considered. Indeed, these figures may
confirm the evidence that accessibility improves when technology becomes
more accessible, and not due to an increased interest among stakeholders.
The idea that currently web accessibility is not accessible arises from the
consideration that, as shown in the literature (see Section , the majority
of web developers, designers, content authors and stakeholders in general are
not accessibility erperts. In this scenario, this judgement is based on three

main aspects:
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A line chart showing how the percentage of the top 1,000,000 home pages
analyzed by affected by accessibility issues is decreasing over the
years just slightly.

Source: [Web22al

Figure 4.2: Percentage of pages in the top 1,000,000 home pages analyzed
by WebAIM affected by accessibility issues over time

e the usability of accessibility testing and evaluation tools;

e the fact that web accessibility is not enforced at the implementation
level (e.g. by web technologies and user agents), thus is a completely

opt-in (facultative) process;

e the difficulty of finding authoritative accessibility resources for non-

accessibility experts.

4.2.1 The usability of accessibility tools

With regard to the usability of accessibility testing and evaluation tools,
many attempts to improve them have been done over the years. However,
all these attempts assume that any web developer should gain some specific
knowledge about web accessibility. Unfortunately, these specific competen-
cies are not always available in development teams, acquiring them is not

trivial, and developers may or may not be willing to acquire them. Further-
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more, due to budget requirements or time constraints, sometimes improving
the accessibility-related skills of a developer may be unaffordable. While in
a perfect world all developers should have enough knowledge to develop ac-
cessible websites and applications from the beginning, and time constraints
and budget restrictions should not justify the lack of accessibility, it should
be noted that in reality things don’t always go the way they should (or they
are expected to go). In the context of usually late projects, maybe created
by very small teams who need to reduce the time to market to its minimum
(as per market demand), this may not be feasible.

Additionally, the majority of existing accessibility tools center around the
idea of analyzing the code of a web page and generate a technical report that
points out accessibility issues by indicating somehow the point of the affected
page element. In general, this indication may be given pointing to the line
of code where the element is defined or, in some cases, by injecting specific
visual indicators close to the element. The problem, though, is that this
approach requires additional and significant cognitive efforts by the tester

to:

e identify where the issue occurs;

e carefully read the feedback provided by the tool, eventually integrating
it with additional support resources, to understand what the problem

actually is;

e understand how to fix the problem in that specific scenario (consulting

additional resources, if necessary) and actually apply the fix.

Therefore, it is argued that this may not be the most effective way to com-
municate accessibility issues to web developers (who in most scenarios are
not accessibility experts at all).

Furthermore, due to the way accessibility testing and evaluation tools
are conceived and the ways in which they commonly present accessibility
issues to their users, it can be said that developers can only have an indirect

perception of accessibility issues: if they are not people with disabilities, they
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have to rely the provided documentation to understand problems and their
impact on people with disabilities. But given the complexity of accessibility
testing, often they cannot even perform it in first person; instead, they have
to rely on third-party analysis (with all the problems such approach might
introduce, such as the ones about process timings and results reliability), who
get involved when fixing accessibility issues becomes harder: as proven in the
literature, the later accessibility gets involved in the development process,
the more complicated, costly and less effective solving accessibility issues
becomes.

Finally, it is worth recalling that there is not a standard accessibility test-
ing and evaluation tool; instead, a plethora of them have been created. They
differ in terms of issue coverage, the way in which they provide the results,
and how they support the developer in fixing them. Thus, to the complexity
of creating an accessible website or application, the difficulty of picking the
right tool to test and evaluate its accessibility needs to be kept into account.
The problem, though, is that these aspects are difficult to evaluate even for
accessibility experts. How can an experienced web developer who is new to
web accessibility be expected to deal with such complexities? The literature
has no answer for this question; the innovative manual accessibility testing

tools proposed as part of this research project can mitigate the problem.

4.2.2 Accessibility is not enforced

One of the factors leading to the current situation with web accessibility
described in Section may be the fact that accessibility is not enforced at
the implementation level. To better explain this statement, two main aspects
involved in any development workflow should be examined.

First off, as previously mentioned, it can be said that accessibility is an
opt-in and completely optional feature. Indeed, while some user agents in-
tegrate features for accessibility testing and evaluation, they do not activate
them automatically, nor promote their usage extensively. Thus, a web de-

veloper can end up producing inaccessible websites and applications without
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even noticing it! To produce accessible content, one needs to be aware of the
problem, of the existence of testing and evaluation tools, to manually engage
such tools in the creation process, and finally handle the reported problems
(gaining the necessary knowledge to do that).

To further complicate the situation, another aspect gets into play. In
fact, the fundamental language with which all websites and applications are
developed, thus the foundation for them, is undoubtedly However, it
is neither sufficiently prescriptive to prevent abuses of the semantic charac-
terization of its elements, nor sufficiently descriptive to provide all elements
necessary to support features that are common and expected in many web
applications.

Unfortunately, allows web developers to create different equivalent
implementations for each element. Such implementations may look the same
(i.e. have the exact same visual appearance), have the same features, yet
have different accessibility degrees. Listing shows a very simple
page that is rendered properly by any web browsers, yet exhibit different

accessibility issues:
e the language of the document is not declared;
e it does not contain any heading;

e it does not contain any landmark (or any semantic HTML| element to

represent the page structure);

e the form field is not associated to its label, which is implemented using

a generic span tag rather than the appropriate label tag.

Listing 4.1: Example of a simple, inaccessible web page that renders fine

<!DOCTYPE html>
<html>
<head>
<meta charset—"UTF-8">
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<meta name="viewport" content="width=device—width , _
initial —scale=1.0">
<title>Inaccessible form field example</title>
< /head>
<body>
<p>Inaccessible form example</p>
<form>
<span>Name: < /span>
<input type="text">
<input type="submit" value="Send">
< /form>
< /body>
</html>

But the situation is even worse. Considering the idea of fixing the acces-
sibility issue of the text field contained in Listing HTML| offers at least five
different possibilities, as shown in Listing

1. replacing the span element with a label element, and making it wrap

the input field;

2. replacing the span element with a label element, specifying the rela-
tionship between the input field and its label by means of the id and
for attributes applied to the 1label and label element, respectively;

3. specifying an accessible name for the input field by means of the title
attribute;

4. using the aria-label attribute from the [WAI-ARIA| specification;

5. using the aria-labelledby attribute from the [WAI-ARIA| specifica-

tion.

Listing 4.2: Five options to implement an accessible text field in HTML
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<!— Option 1: label wrapping the field it 1is
associated to !—>

<label>Name:
<input type—"text'">

</label>

<!— Option 2: using a label and the for attribute /—>
<label for—"name-input">Name:</label>
<input type="text" id="name—input'">

<!— Option &: using the title atiribute !—>
<span>Name: < /span>
<input type="text" title="Name:">

<!— Option 4: using the aria—label attribute !——>
<span>Name: < /span>
<input type="text" aria—label="Name: ">

<!— Option 5: using the aria—labelledby attribute /—>
<span id="name—input—label">Name:</span>
<input type="text" aria—labelledby="name—input—label">

While having all those representations makes it possible to create an
accessible text field in different contexts, this introduces a cognitive effort
for the developer to understand which one to choose, and the reason why
one is preferable to the other in general and in a specific context. One
may legitimately argue that this flexibility is required in order to support a
multitude of features, such as allowing for better positioning and styling of
both the field and its label, but this richness comes at a cost that in many
cases is not acceptable. Better yet, are we sure that so much flexibility is

really necessary? Couldn’t astonishing designs be achieved differently?

With regard to HTML| not being descriptive enough, HTML 5 can be con-
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sidered a great step in the right direction. This version (and the following
ones) added to the language many features commonly used in web applica-
tions that, not being available in a standardized implementation, had to be
implemented leveraging external solutions (think of audio and video play-
back) with a varying degree of accessibility. However, many commonly used
interactive widgets have not natively become part of and still require
markup and code that may or may not be accessible. Other language fea-
tures have been included in later versions, but are not supported properly
by browsers and/or assistive technologies: examples include the dialog ele-
ment, that was designed to let developers implement modal and non-modal
dialog windows, and the datalist element, that was intended to provide a

mechanism to support native autocomplete widgets for entering data.

In addition to this, many controls commonly used by web applications
(for instance, tabs and associated tab panels; menu bars, toolbars, trees,
to name a few) have still to find a good and agreed upon native element
to implement them in to build good accessibility support upon. In
addition to this, even in the best possible scenario, no guarantee is made
about whether all these widgets will be implemented consistently across user
agents (e.g. browsers and assistive technologies), or that styling them will

be supported in the same way.

Due to these considerations, many controls required by complex web ap-
plications have to be implemented by leveraging generic HTML tags (e.g.
non-semantic elements, such as span and div) enhanced with JavaScript
code. As explained in Section [2.1.3] such elements can be made accessible
thanks to the specification, which allows to enrich the semantics
of HTML elements by adding markup (e.g., specific attributes, and in par-
ticular the role attribute) that define the semantics of the element in terms
of accessibility. However, in this scenario the developer is responsible for
manually implementing the exact behavior expected by assistive technology
users for each element: marking an element as having a certain

role is a promise, but the developer is responsible for fulfilling it: differently
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than HTML elements, roles do not directly cause browsers to
provide keyboard behaviors or styling [KKN™22].

While many implementations for dynamic behaviors are possible when
JavaScript is involved (e.g. dynamic controls created by manipulating the
dom, event delegation or event handler callbacks on existing elements,
and so on), and testing for their accessibility can be hard due to the nature
of JavaScript (after all, it is a Touring-complete programming language),
verifying the presence of attributes on elements enhanced by
means of JavaScript could be done automatically: unfortunately, user agents

do not even do that.

4.2.3 Finding accessibility resources

As illustrated in Section many resources have been created to help
designers, web developers, content authors, policymakers, managers and all
other stakeholders involved in web development create accessible websites
and applications. These resources can be classified according to different

criteria:

Thewr topic. Of course, due to the complexity intrinsic into making web
content accessible and the necessity to target these resources to the
stakeholders that could be most interested in them, various accessibility
resources available on the Internet are focused on covering different

topics and requirements.

Their type. As there are so many requirements by different stakeholders in
different phases of the development process to create accessible websites
and applications, it is not surprising that a variety of accessibility-

related resources are available; among others, these include:

e laws and regulations, to enforce the creation of accessible websites
and applications depending on different factors (e.g. the type of

product being developed, its purpose, its developer, etc.);
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e technical standards, to regulate how web accessibility can be made
possible and, in some countries, to determine more details on how
the content of accessibility laws and regulations should be applied
(e.g. to digital products and services, or to remove architectural
barriers from buildings and other environments, or physical ob-

jects) and all the details that are necessary to do that;

e tools, a wide range of accessibility resources aimed at supporting
stakeholders in achieving tangible, practical goals; these include
resource to bridge the gap between more “theoretical” and the
practical ones (such as conceptual frameworks or methodologies),
accessibility testing and evaluation tools, tools to assists in the
development process (e.g. linters and frameworks), and can come
in many different types (browser extensions, command line tools,

desktop applications, web services, and more);

e “learning resources”, including any support material; these include
a very wide range of resources, such as the ones aimed at explain-
ing complex concepts in simpler terms, or better illustrate how to
leverage other existing accessibility resources to get the most out
of them. As different formats may be more effective for “educat-
ing” different people or better suit the requirements of different
stakeholders, learning resources available in a wide variety of for-
mats including videos, written guides and tutorials, podcasts and

infographics.

Their complexity. As it may not be clear for a person approaching web
accessibility for the first time, not all accessibility-related resources have
the same complexity. In addition to this, the complexity of making
accessible solutions created with different process or technologies is
different as well. Unfortunately, you need to grasp the “big picture”
before understanding that and the place where each resource fits in the

puzzle.
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Their source. “All animals are equal, but some animals are more equal
than others”, proclaimed the pigs who controlled the Government in the
novel “Animal Farm” by George Orwell. Unfortunately, not all sources
of accessibility-related resources hare equally authoritative. Quality
checks must also be done to assess the truthiness and effectiveness of
each resource, but this can be done only if you have a certain amount of
experience with web accessibility, and in some cases even requires non-
trivial competencies and abilities. Thanks to the latest advancements
in digital technologies it has become much easier to become “content
creators” over time; as the quantity of available content increases, the
more urging and relevant the problem of ascertaining its quality be-

coI1nes.

Even if the creation of innovative development and accessibility testing
tools is key in the research described in this PhD thesis, many great and im-
mensely useful resources that relate to web accessibility are available on the
Internet. However, such resources are often fragmented, scattered across dif-
ferent websites, and therefore are hard to find if you do not know what to look
for, where and how. In addition to this, fully understanding the content of
such resources often requires previous knowledge about accessibility-related
topics; people may not have such knowledge and, even worse, may not realize

they need it to avoid misunderstanding their content.

Therefore, the creation of a well-structured, categorized collection of
accessibility-related resources has been included in this research. Such a
repository is built with the purpose of helping developers getting started with
web-accessibility, as well as acting as a reference for all high quality acces-
sibility resources available on the Web that may serve experienced members

from the accessibility community as well.
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4.3 Making web accessibility more accessible

Having outlined all the reasons leading to the approach to rethink web
accessibility from the ground up proposed in this research project, we can
now discuss it in more details. In this section the design principles, decisions
and philosophy behind the creation of the AX framework and a couple of
side-projects related to it, the innovative accessibility testing and evaluation
methodology implemented in the browser extension, and A11A will
be discussed, explaining how they can help to solve actual problems faced by
web developers while creating accessible websites and applications.

More specifically, the approach proposed in the research project docu-
mented by this PhD thesis can be summarized in three distinct, yet strictly

related principles:

1. Guarantee that the markup used in any website or application to imple-
ment any necessary element is always accessible. This can be achieved
by extending through the AX framework, a set of web components
specific to the logical, structural and semantic characteristics of their

intended use, and whose markup is fully accessible by construction.

2. Provide innovative manual accessibility testing and evaluation tools to
make it easier for non-disabled developers to perceive directly acces-
sibility issues in their code, as well as their impact on people with
disabilities. This is achieved by a specific methodology (implemented
in the browser extension) with two ambitious goals:

e replacing the normal presentation of the page with a special visual
representation based only on the accessibility markup: styling and
positioning choices are deactivated and replaced with ones totally
and completely based on the accessibility information conveyed to
assistive technologies. Accessibility issues are represented in a way
that lets the developer immediately understand that something is

wrong, what the issue is, and the affected element;



86

4. The research project

e mapping the usual interactive behaviors allowed by web browsers
onto the corresponding (and equivalent) actions that the page al-
lows people with disabilities to perform via assistive technologies.
In this way, a non-disabled developer can keep interacting with the
page or applications as it is used to, but immediately understand
whether the same interactions are possible for assistive technology

users or not;

3. Making existing accessibility-related resources more accessible by let-
ting non-disabled developers find and “make sense” of them, as well as
the context in which they exist, much easier. This is achieved by creat-
ing A11A, a categorized, structured collection of accessibility resources
available on the Internet proposed in a website that recalls different
characteristics of a wiki, but the interactivity of a blog. Resources are
classified according to various criteria: their type, purpose, intended

audience, and so on.

Therefore, the final result of this research project, making web accessi-
bility more accessible, is achieved by means of three different artifacts (the
browser extension, the AX framework, and the A11A website), a
couple of supporting (yet independent) additional tools (the Missing
Role Explorer (MARE) and the aria-service library).

4.3.1 Introducing [SAHARIAN

To make web accessibility more accessible, The first topic that as been
dealt with as part of the research project documented in this PhD thesis is
that of improving the current situation about manual accessibility testing
of existing websites and applications. While part of this process can be
automated by means of specific tools, it is a key idea behind this project that
manual accessibility testing is not going away anytime soon: in fact, evidence
shows that there are issues that can be assessed properly and effectively only

by humans.
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Existing accessibility testing and evaluation tools center around the idea
of presenting the detected accessibility issues by communicating the element
affected by them. Such communication can happen by injecting specific
visual indicators close to that element, or simply providing the line(s) of
code introducing the issue. In addition, such messages can contain useful
information such as the type of error and pointers to additional resources on
how to fix them. However, to effectively use these tools, developers needs
to be aware of how they work, the types of accessibility issues they can
detect, and have the necessary knowledge to understand how to fix them
or the reasons why a reported issue is actually a problem for people with
disabilities. Thus, it can be argued that they use an indirect approach, as
they do not enable web developers to perceive accessibility issues and their

impact on people with disabilities in first person.

In contrast, the innovative methodology to perform manual accessibility
and evaluation proposed in this project originates from a completely different
point of view, that of making web developers identify accessibility issues by
leveraging their existing knowledge about web technologies and how “things
should work”, and actually experience the impact of accessibility issues on
people with disabilities in first person. In other words, accessibility testing
results are represented in a way that allows web developers to intuitively
understand the conveyed information, and to get actionable feedback about

the accessibility barriers experienced by people with disabilities.

The theoretical foundations of the proposed approach originates from
a simple and widely documented (especially in the educational area), yet
still underestimated principle: since childhood, humans learn by associations
and similarities. In the same fashion, the proposed methodology consists
of mapping accessibility-related information on concepts that developers are
already familiar with. Keeping into account the most used interaction tools
used by non-disabled people and their habits, mouse operability and visual
rendering have been selected as the most obvious and intuitive means of

communication for this methodology.
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Figure 4.3: Visual rendering for a checkbox group for non-disabled users as

can be expected by non-disabled developers

Concerning the latter, in fact, the so-called “at a glance” perception of
a website is often enough to instantly recognize if its visual rendering ex-
hibits critical issues. This can be exploited to communicate how accessible
a web page is: thanks to modern web technologies, swapping the actual vi-
sualization of a web page is an easy step. The non-trivial part, however, is
finding a representation that lets developers immediately discern whether a
certain page fragment is accessible or not and, in greater detail, understand
what accessibility issues are present and provide the necessary guidance to
fix them.

To accomplish this result, two related “properties” of page elements have

been exploited:
e the visual representation of user interface elements;

e the fact that, stylistic opinions aside, there is a common sense of what a
widget is (i.e. checkbox, link, button, toolbar, etc.) and how it can be
immediately recognized by looking at its visual representation within

a web page.

Figure [4.3| shows a reasonable visual representation of a checkbox group that

can be expected by non-disabled developers.
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Therefore, the challenge becomes building a visual representation of such

widgets so that it fully satisfies the following requirements:

e when the widget is fully accessible, its representation “looks all-right”
and reasonably fulfills developers’ expectations on how the widget should

be rendered;

e when an element exhibits any accessibility issues, its visual represen-
tation differs from what is expected in ways that allow developers to

easily spot what is wrong;

But of course page elements can also be interactive, meaning that they
support specific interaction patterns depending on their nature and purpose.
However, this perfectly aligns with the objective of the proposed methodol-
ogy: in fact, complex concepts (like keyboard focusability and operability),
once again, can be mapped to developers’ expectations. To better illustrate
this relationship, a simple example can be considered. If a mouse user (and
most non-disabled developers likely are) encounters a checkbox, by clicking

on it, he or she expects that:
e the checkbox state is toggled;
e the checkbox visual representation is updated to reflect its state change;

e the updated visual representation of the checkbox lets him or her un-

derstand whether it is enabled or not.

When it comes to interaction patterns, it is well documented in the liter-
ature that people with disabilities carry even stronger expectations on how
widgets should work; continuing with the checkbox example, for instance, a

screen reader user expects that:

e the checkbox can be focused using the keyboard or similar commands

provided by the screen reader;
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e pressing the space bar key when a checkbox is focused (or similar com-
mands provided by the screen reader), the checkbox state can be tog-

gled;
e the screen reader informs about the state change;

e the conveyed update provides information on whether the checkbox has
been enabled or disabled.

Paying closer attention to the described scenarios, it is easy to spot simi-
larities on the fact that both non-disabled users and people with disabilities
expect to be able to interact with each widget in specific ways depending on
its nature. This makes a perfect candidate in order to map the interactions
expected by people with disabilities (that should be supported by each wid-
get in order to be fully accessible) to interactions expected by non-disabled
developers. Continuing once again with the checkbox example to better illus-
trate these mappings, for instance, the behavior of a checkbox can be altered
so that it can be toggled using a mouse if and only if it can be toggled via
the keyboard as well.

The most obvious consequence that naturally arises from this approach
is that whenever a non-disabled developer tests a widget for its accessibility,
he or she is using his or her very well established knowledge; most notably,
when he or she finds out that something is not working as expected, in a cool
fashion it becomes obvious what to look for.

The same reasoning that has been illustrated for the checkbox example
can be extended to all the main widgets commonly found in web pages and
applications. This means that the proposed approach is suitable for applica-
tion on a wide variety of page elements. By definition, if the type of widget
that is being dealt with (thus its expected interaction patterns) cannot be
precisely determined, assistive technologies wouldn’t be able to do it as well:
as this method is intended for usage in manual accessibility testing, this issue
can clearly and prominently be reported to the developer.

The end result of applying this method is that the developer keeps on
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using the mouse, keyboard and eyes to test the web application that is being
designed, but in a different visual context that is completely based on the
accessibility markup, that makes the page understandable and usable pro-
portionally to the correctness of the accessibility markup only. A detailed
discussion of the features implemented in the browser extension
and the accessibility requirements supported for testing and evaluation of

web pages and applications can be found in Appendix [B]

4.3.2 Introducing the AX framework

In the vision behind the research project documented in this PhD thesis,
other than helping developers test and evaluate the accessibility of their
code, it is critical to support them to produce content that is accessible by
default. As explained in Section provides all the mechanisms
that are necessary to create such widgets. Yet, for each element multiple
implementations with different accessibility degrees are available, and the
accessibility of a web page does not influence at all its visual rendering.

Therefore, as part of the research project an approach to change the status
quo has been pursued: while reinventing [HTML]is of course unfeasible, the goal
of rethinking its usage from the ground up becomes possible thanks to the
introduction of a new, innovative declarative framework called AX.

By definition, the AX framework should enforce the generation of accessi-
ble markup as much as possible. Being a declarative solution helps with this,
as the correctness of hierarchical relationships (i.e. preventing the usage of a
child components out of its designed parent element) can be easily enforced
as required in order to generate accessible markup. Additionally, specifying
required parameters when instantiating components (take the case of form
control labels as an example) can be enforced as well. When such conditions
are not met, the framework should render the offending component in a way
that makes it obvious that something is wrong and providing instructions on
how to fix it instead.

Implementing the AX framework is made possible by the extension of HTML



92

4. The research project

through the use of components. Introduced and promoted by all major web
development libraries currently in favor, components are small, autonomous
modules containing markup, styling and executable code that can be aggre-
gated and composed to build full web applications with reliable and sophis-
ticated functionalities.

Therefore, when using the AX framework, is replaced by an open
set of elements each of which is mapped onto a complete component that is
responsible for handling all the requirements necessary for its actual imple-

mentation, including:
e generating the most appropriate markup to represent it;
e support all interactions commonly expected from that component;
e allow developers to customize its appearance.

In this way, the AX framework can act as an intermediate layer between
the developer and the actual markup rendered by user agents, de facto be-
coming responsible for ensuring the accessibility of the generated markup.
As part of this process, it can also determine the most suitable markup
representation for each element among the many that are possible, shifting
this burden away from developers. By doing so, it also shifts away from
the developer the responsibility of looking at guidelines and techniques for
implementing that component in a way that is accessible, and most of the
effort to determine which solution is the most appropriate to each case.

By adopting this approach, the AX framework can complement the set of
elements natively provided by as well: indeed, the fact that an element
is not natively supported by is not a limitation, as the component to
support it can be provided as well. This is the way in which the AX can fill the
gap of providing elements that are commonly needed during web application
development, yet not provided by This brings away from developers
the burden of dealing with custom implementations for such elements, un-

derstanding how to expose them semantically to assistive technologies, de-
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termining the interactions commonly supported by assistive technology users
(e.g. keyboard navigation support), and implementing them.

For example, consider the instantiation of a text input field within a web
page. In contrast to the scenarios described in Listing [4.1] and Listing [4.2] it
becomes as simple as shown in Listing [4.3

Listing 4.3: Creating a text input field using the AX framework

<text—field label="Name:'">

Upon rendering the page on the browser, or through a compilation pro-
cess, the code fragment shown Listing is automatically converted into
markup, with eventual styling and JavaScript code to add presenta-
tion and interactive features respectively, with the guarantee that the gener-
ated code is accessible!

As is often the case for newly introduced frameworks, it is very important
for AX to be able to coexist with parts of a web page that do not use it. This
would allow developers and content authors to gradually adopt the frame-
work, as well as letting consumers use it since its early development phases
(even if it does not include every component they need). Unfortunately, this
consideration made the implementation process much more complex; how-
ever, whenever possible this requirement has been fulfilled.

Another important point to note is that the AX framework is not intended
as a replacement for very well established JavaScript libraries designed to
facilitate web application development (React [Met22], Vue.JS [Vue22], An-
gular [Ang22|, to mention a few). Instead, it has been designed to be low-level
enough to be used in combination with such libraries.

One might argue that in such a situation a developer could easily mess up
with the framework internals, thus vanishing the original efforts in guarantee-
ing the accessibility of its generated markup. In order to minimize this risk,
Ul state management (operations such as enabling a checkbox) is built-in into
the framework, so that a developer does not need to manually change and/or
alter the markup generated by the framework. Rather, the ability to provide

callbacks for being notified and act upon significant events is provided at the
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framework level in order to minimize unwanted side effects caused by their
custom implementation. Whenever necessary to guarantee the accessibility
of a certain component, handling of significant events (for example support

of specific keyboard shortcuts) is built-in into those components.

Finally, in order to provide the accessible equivalent of a majority of
components whose use is nowadays widespread in web development, a strong
and possibly controversial principle has been adopted: making an opinionated
decision is better than not making a decision at all. The application of this
principle should be restricted to the minimum, so that the framework does
not condition unnecessarily the developer, yet its adoption is critical in order
to provide working components even in situations in which multiple solutions
may be acceptable but would need a conscious implementation strategy. For
instance, there are many different ways to implement accessible date pickers
in HTML, each of which would require a different markup approach. The
AX framework will only provide one of them, yet providing for the necessary
flexibility to support different requirements (e.g. time granularity) and visual

appearance customization.

Last but not least, it is worth noting that the kind of static analysis
implemented by the AX framework cannot catch all possible issues that may
arise during its usage, either due to technical reasons (e.g. the user agent
specific behaviors) or the necessity of providing developers more flexibility.
Things such as visual appearance customization, which are indeed critical
to the success of a web application, should be extensively supported. To
conciliate such requirements with the necessity of ensuring the accessibility
of the generated markup is not altered by such flexibility (for instance, think
of avoiding the introduction of color contrast issues by means of rules),
AX also integrates a standalone, automated accessibility testing engine to
catch all issues that cannot be detected otherwise. While the framework has
not been developed during this research project, the way in which results are

presented and their integration in AX have been.

Ideally, it would have been great to include in the AX framework all the
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components that developers require in order to implement all sorts of web-
sites and applications; unfortunately, given the amount of such elements
and the necessity of demonstrating the feasibility of the proposed solution
(which is necessary as it is part of an innovative research project) this was
not possible. A detailed discussion of the implemented components, as well

as the reasoning that led to picking them instead of others, is available in
Appendix [C]

4.3.3 Introducing A11A

Other than creating innovative resources, the goal of making web accessi-
bility more accessible of the research project documented in this PhD thesis
is also achieved by making existing accessibility resources much more acces-
sible for people who are not accessibility experts. While there are objective
technical difficulties to make a website, application or any content accessible,
as discussed in Section a very large number of standards, guidelines, laws,
regulations, educational resources and support tools are available to help de-
velopers and content creators achieve the desired outcome. Unfortunately,
there is evidence that developers have difficulties finding these resources as

they need to know:
e what to look for, where to look it for and how;
e how to select the most suitable resources across a larger set of them;

e how to distinguish the most authoritative sources of information from
the others;

e how to evaluate the correctness and effectiveness of the available re-

sources to select the best ones;

e how to understand whether such resources are relevant to your project

or not.
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Undoubtedly, this becomes part of the complexity of creating accessi-
ble content, increasing the additional effort (in terms of time, money, and
cognitive efforts) required to achieve the desired result.

This is the reason why as part of the research project documented in this
PhD thesis the creation of A11A has been included as a fundamental goal
to make web accessibility more accessible. A11A can be thought as a sort of
accessibility wiki to collect all the useful accessibility resources available on
the Internet. In order to facilitate their retrieval, resources on the website

will be classified according to different criteria:

e their nature, distinguishing between guides, tutorials, frameworks and
libraries, other utilities, command line tools, plug-ins for existing tools,

videos, and so on;

e tags, designed to group resources according to the matters they refer to;
such tags will group only resources that are related to them, creating
useful entry points to discover the most suitable accessibility resources

for your needs.

Each accessibility resource published on A11A is accompanied by a short
presentation explaining how to get the most out of it (e.g. to indicate clearly
in which context is intended to be used, its intended target audience, even-
tual known limitations, and so on). While some repositories of accessibility
resources do already exist, A11A features three main differences when com-

pared to them:

1. Tt will be a comprehensive, 360-degree wiki, covering all topics that can

be related to digital accessibility;

2. all resources published on the website will be manually tested in order

to assess their effectiveness, and validate that they work as advertised.

3. The way the resources are organized and the terminology used through-
out the website to introduce them is carefully crafted to facilitate web

developers in finding available resources.



4.4 Introducing MARE and ARIA-Service

97

Additional resources that explain how to use the more technical ones are also
included in A11A; along with information on the role they play. Together with
other usability enhancements (such as an advanced search engine, related
content suggestions, and so on) and some features to make the website more
interactive (such as comments), they can make A11A an accessibility-related
resource whose purpose is to make other accessibility-related resources more
accessible.

Finally, from an educational standpoint there is nothing that can be more
effective than good examples. This is the reason why A11A is committed to
ensuring the adoption of the latest Web Accessibility best practices through-
out the website: while this may seem counter-intuitive, unfortunately it is
not uncommon for accessibility-related websites to exhibit minor accessibility

issues themselves.

4.4 Introducing MARE and ARIA-Service

As illustrated in Section the WAI-ARIA 1.1 specification plays a
very significant role in letting developers produce accessible websites and
applications. Indeed, it can be used to enrich the semantics of HTML ele-
ments by means of “special” attributes (roles and states) that alter the way
in which user agents expose them to assistive technologies. This gives design-
ers and developers a great power, as they can alter the way in which
elements (and, even if not specifically covered in this PhD thesis, artifacts
implemented using other host languages such as are mapped to native
platform accessibility APIs, thus how they are perceived by assistive technol-
ogy users. But, “with great power comes great responsibility”. Consequently,
using this specification is not as trivial as leveraging native elements to
implement accessible websites and applications. Its complexity and the way
in which it impacts assistive technology users makes it necessary to evaluate
very carefully whether to use it, when and how.

As already outlined for other artifacts that are part of the research project
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documented in this PhD thesis, removing unnecessary complexities (or help-
ing developers overcome them) is critical to making web accessibility more
accessible. Therefore, two different tools to help developer use the
specification have been created:

o MARE (the Missing |WAI-ARIA| Role Ezplorer), an interactive tool
to let developers explore roles, states and properties provided by the
[WAT-ARTA| specification and how to use them most effectively;

e ARIA-Service, a JavaScript library that implements all dynamic be-

haviors required by specific [WAI-ARIA| roles.

While these two tools were not part of the original research project, their
necessity became evident during the development of the AX framework and
the A11A, as well as by general feedback on developer’s perceptions of this
specification gathered by myself during this PhD course. Indeed, and
other members from the accessibility community (both individuals and en-
terprises) has produced great resources to support developers in understand-
ing and using this specification properly. However, it is argued that it still
remains very complex, and perhaps in some cases even unaffordable to im-
plement correctly (think to the hundreds of code that are necessary to im-
plement properly keyboard support for a tree view, for instance). Both
[Missing WAI-ARIA Role Explorer (MARE)| and ARIA-Service can provide

a significant contribution towards simplifying the usage of this specification

and ensuring that it is used correctly.

4.4.1 Introducing MARE

Aimed at helping web developers understand what attributes the
[ARTA] specification provides and their purpose, MARE]is an interactive tool
that lets anyone explore the specification interactively. More
specifically, [MARE]| allows to get an overview of all roles provided by the
specification, an overview of all available attributes, and most of all a clear

indication on which attributes can be used with which roles: indeed, not
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all attributes are supported by all roles. Using unsupported attributes on

specific roles can have at least two effects, in order of increasing severity:

1.

thinking that information is exposed properly to assistive technologies,
while indeed it is not (as they expect to find data by querying different

attributes from than the ones used);

. assistive technology users cannot properly interact with the widget hav-

ing a certain role and one or more unsupported attributes, as assistive
technologies cannot deal with such a combination; while it would be
expected this scenario not to be more critical than the previous one,
in the complex equation that makes web accessibility implementations
possibldl] there are simply too many things that can go wrong to expect
it to be robust enough to let users interact “reasonably well” with such

incorrect markup.

For each role in the specification, MARE] allows any user to

know:

A brief overview of its semantics, such as information on the type of

widget it is intended to represent;

Required attributes, the list of attributes that must accompany an ele-

ment where the role is applied in order to complete its semantics;

Supported attributes, a list of WAI-ARIA|attributes that are not manda-
tory for any element where the role is applied, but can be specified to

further enhance its semantics;

Information on how the accessible name of an element with that role is
computed (e.g. whether it is computed from its children, or the author

must explicitly provide it);

L'As a quick recall, the complex equation that makes web accessibility implementations

possible involves a two-way information exchange in between the operating system, the

browser and assistive technologies by means of one or more platform APIs.
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e Explicit and very clear information on parent-child relationships among
roles, whenever they exist and are necessary. Consider
an element with role radio: its parent or owning element must have
the radiogroup role; vice-versa, an element with the radiogroup role

should only own or have child elements with the radio role.

e All keyboard interactions that should be supported by an element hav-
ing that role.

While this information is available in the specification and
its supporting documents, along with practical code examples on how to use
various roles properly, MARE| may make accessing such information easier:
it is collected in a single place, interactively filterable to see only information
relevant to the role you are interested in, and simplifies some concepts that

by their nature are explained in a pretty complex way in the
documents suite.

[MARE] however, provides specific information for all [WAT-ARTA| at-
tributes as well; notably, for each attribute indicates its purpose,
the allowed values (whenever applicable), and the roles or elements it can be

applied to.

4.4.2 Introducing ARIA-Service
As explained in Section leveraging the WAI-ARIA| specification to

make custom implementations of elements and widgets accessible allows the
developer to enhance the semantics of such implementations, so that they
can be exposed properly by web browsers (through the platform accessibility
APIs) to assistive technologies. However, only denoting the semantics of
an element is not enough to make it accessible. In some cases, in fact,
assistive technology users have strong expectations on the type of keyboard
interactions it should support depending on its semantics.

Recalling one of the fundamental principles behind the spec-

ification, a role is a promise; it is the developer’s responsibility to fulfill that
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promise. Developers must provide correct implementations for all behaviors
expected by assistive technology users for elements with a certain role. For in-
stance, consider the case of implementing a list of tabs (with their associated
tab panels), a widget for which does not provide native elements. Using
attributes from the specification is the only way to implement it
in an accessible way; however, other than having the appropriate attributes,
such widget should support the following interactions to implement properly

keyboard navigation.

e pressing the tab key:
— when focus moves into the tab list, places focus on the active tab
element;
— when the tab list contains the focus, moves focus to the tab panel
(which must be next in the tab sequence).

e When focus is on a tab in the tab list, pressing the Right Arrow key:

— moves focus to the next tab in the tab list;

— if the currently focused tab is the last in the tab list, moves focus

to the first one instead;

— optionally, activates the newly focused tab.
e When focus is on a tab in the tab list, pressing the Left Arrow key:

— moves focus to the previous tab in the tab list;

— if the currently focused tab is the first in the tab list, moves focus

to the last one instead;

— optionally, activates the newly focused tab.

e When focus is on a tab in the tab list, pressing the Home key moves

focus to the first tab in the list, optionally activating it.

e When focus is on a tab in the tab list, pressing the Fnd key moves

focus to the last tab in the list, optionally activating it.
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Implementing this logic is not an easy task, as the JavaScript code to do
that is tens of lines in length, prone to errors, and in some circumstances even
requires truly understanding assistive technology users expectations from real
users, as the documentation does not provide all the necessary details (and
as they say, often “the devil is in the details”). While documents such as
the Authoring Practices Guide [Wor22a) provide practical code
examples to implement such logic, they may contain bugs and adapting them
to the specific usage in a project may not be trivial. Additionally, it should be
noted that the logic behind keyboard navigation for a tab list is not the most
complex one; elements such as menubars, treeviews, grids and collapsible
comboboxes do require support for interactions whose implementation can

be considered at least an order of magnitude more complex if done properly.

Therefore, as part of the research project documented in this PhD the-
sis, the creation of a JavaScript library to shift away this complexity from
developers has been designed and implemented. Called ARIA-Service, the
main idea behind this library is that if developers use correct
markup on custom widgets, the library (after being included in the web
page, of course) automatically provides the code that is necessary to support
all keyboard interactions necessary to make them accessible for assistive tech-
nology users. Whenever the documentation on such keyboard interactions is
not clear or incomplete, or the provided code examples are buggy, the ones
provided by native operating systems have been integratedﬂ In this way,
from the developer’s perspective, implementing accessible widgets leverag-
ing the specification becomes as simple as implementing their
counterparts using native elements. This makes a step forward towards

making web accessibility more accessible!

2Being both a blind computer scientist, thus a screen reader users, who uses all major

operating systems on a regular basis helped a lot with this task.
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4.5 Introducing A11YVT and the SCA M P method-
ology

The second branch of the research project documented in this PhD thesis
involved using digital technologies to make indoor environments and cultural
heritage more accessible. More specifically, two specific problems have been
dealt with:

e A11YVT, the prototype of a system to let blind and visually impaired

people, as well as their sighted peers, explore indoor environments;

e using a combination of digital technologies, scientific and art skills to
make some physical objects (scientific decomposable artifacts with a
high historical and educational value, thus cultural heritage) more ac-

cessible.

These two contributions, the methodologies behind them and the design
decisions leading to the artifacts that have been produced will be discussed

in this section.

4.5.1 Introducing A11YVT

When it comes to leveraging digital technologies to make indoor envi-
ronments more accessible, as discussed in Section a very wide variety of
possibilities have been explored in the literature; from ways to improve the
accessibility of maps to indoor navigation systems, including special aids and
methodologies on how to help blind and visually impaired people move in-
dependently. As part of the research project documented in this PhD thesis,
an approach to make indoor environments more accessible leveraging virtual
tours has been explored.

Consisting of simulations of existing locations, composed of a sequence
of videos, still images or 360-degree images and other multimedia elements

such as sound effects, music, narration, text and floor maps, virtual tours are
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gaining momentum and their potential is only starting to be unleashed. They
are tools that could be effectively used in many different contexts (games,
tourism, house-hunting, etc.), and the COVID-19 pandemic has let emerge
how they can be useful and efficacy in those situations where it is not pos-
sible to access physical places and attend events. Given the importance of
visual elements, considering that they let users interact with the virtual en-
vironment and its points of interest through them, and their very remarkable
emphasis on the need for navigation and orienteering mechanisms within the
virtual environment, virtual tours can represent digital barriers for people

with disabilities, in particular those who are blind or visually impaired.

Therefore, as part of the research project documented in this PhD thesis,
the prototype for |Accessibility for Virtual Tours (A11YVT) has been devel-
oped. [A11Y V'T]is a generic, interactive tool whose main purpose is to enable

people to explore environments they are not familiar with, so that they can

discover all the characteristics of a certain space (its shape, history, etc.) at
their own pace. As the acronym implies, A11YVT accomplishes this goal

by letting people experience virtual tours of a given space so that they can

inspect all the |Points of Interest (POI) that it contains. Being a generic
solution, makes no assumptions about the nature of the [PO]| that

can be present in a certain environment, so that many different scenarios

(with different requirements) can be supported in a single tool.

While different systems with similar characteristics do indeed exist, none
of them takes into account the special requirements of blind and visually
impaired people in this area. In fact, as widely discussed in the literature,
due to the lack of sight (or having only a residual that does not provide a
good visual perception of a certain space), blind and visually impaired people
tend to employ extremely specific strategies when it comes to familiarizing
themselves with environments with which they are not familiar. Therefore,
to be truly accessible (and effective) in reaching its goal, it was clear that
had to provide specific features to support such strategies.

At a first glance, providing these features while at the same time support-
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ing the (quite different) needs of sighted people for environmental exploration
may seem unaffordable. However, with careful decisions taken from the early
design phases, this goal can be achieved; thus, it is worth providing a com-
parison of these requirements, discussing how they impacted the design of
and how they can be combined to provide an engaging user expe-
rience for both blind and visually impaired people and their sighted peers.
First off, when it comes to letting blind and visually impaired people
explore environments that they are not already familiar with, outdoor and
indoor spaces can pose challenges that are significantly different. These chal-

lenges arise from many distinct factors, including:

e differences in size and shapes of the environment. In general, outdoor
spaces are much larger than indoors, and they exhibit typical “patterns”
(such as streets and squares) and “landmarks” (crossroads, traffic lights,

sidewalks, and so on) that you cannot find indoors.

e Different hazards you may face while exploring. Outdoor and indoor
environments can expose blind and visually impaired people to hazards
that may or may not become a danger depending on various circum-
stances; when they are not familiar with the environment, they require
special attention. Some of these hazards pose comparable challenges
(think of road signs placed in the middle of a sidewalk, compared to
pillars positioned in the middle of a corridor), while others can be
vastly different in their nature (think of street crossroads, compared to

random object that may be left unattended alongside corridors).

While different hazards and environmental characteristics can all be dealt
with, blind and visually impaired people have to pay special attention to
them, in particular while exploring new environments with which they are
not already familiar. Consequently, they tend to employ strategies that may
seem similar, but are indeed widely different; as they say, often evil is in
the details. This implies that the set of features required to support indoor

environments exploration can be different from those required to support
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outdoor spaces exploration; this is the reason why it has been decided to

focus only on indoor environments.

As widely discussed in the literature, blind and visually impaired people
cannot have what we may define as the perception as a whole of their sur-
roundings. While sighted people can get a picture of an environment at a
glance (e.g. simply by having a look around), blind and visually impaired
people have to construct this picture by exploring the environment in a phys-
ical, tangible way so that they can acquire enough landmarks to determine
their exact position at any given time and compute paths to reach their des-
tinations. As extensively discussed in the literature, such landmarks can be

anything, including details that sighted people often ignore.

Finding a balance between providing enough context to let blind and
visually impaired people acquire their landmarks, while representing only
data that can be useful to their sighted peers to avoid overwhelming them
with information, was quite a challenge. Therefore, several assumptions to

stmplify the environment representation and make it effective had to be made.

To determine which assumptions would be reasonable ones and avoid
making ineffective, the way in which blind people approach ex-
ploring an unknown indoor environment has been studied empirically: after
several observations, a pattern emerged clearly. First off, they establish a
focus point, which is a point in the environment that they feel comfortable
reaching (i.e. they know how to reach it confidently), it can be a door, the
center of the room, a pillar, or anything else on a purely subjective basis.
After that, they try to determine the position of the other landmarks relative
to the focus point, so that they can calculate short paths from the focus point
to each landmark. By iterating the process on all landmarks, and eventually
including paths with more than one landmark, blind people can construct
the equivalent of the picture of the environment that their sighted peers can

get at a glance.

Therefore, it has been confidently assumed that in order to let blind and

visually impaired people explore an indoor environment they are not familiar
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with effectively, should support this pattern through its interactive
features. We determined that, at any given moment in the tour, the user
must be positioned in a landmark. The initial landmark from where a vir-
tual tour starts is established by the data model that contains the information
about the environment being represented. Since was intended to
be interactive, it was easy to let users move in the virtual environment rep-
resentation. In order to let users perceive the position of landmarks, we used
the so-called clock navigation method?]

In order to make the creation of a prototype easier, has been
conceived as a web application to be used from desktop operating systems.

Therefore, various keyboard commands have been implemented:

e to move point by point clockwise and counter-clockwise, allowing to

explore the surrounding of the current focus point;
e to change the focus point, simulating the user movement to reach it;
e to get additional, useful information about landmarks.

But indoor environments are obviously three-dimensional spaces: for the
environment representation to be realistic, A71YVT had to provide the fea-
tures necessary to explore a 3d model of the modelled space. Once again, the
design of these features has been influenced by the way in which blind people
explore indoor environments. The concept of a z-axis has been introduced
(with specific commands to move along it) so that the user’s focus point can
be moved at different heights. In this initial prototype version, only three
different height levels are supported: a floor level, an intermediate level, and
a third (higher) level. Landmarks can then be placed at the most appropriate
height; obviously, they can fit at a single height level (think of a table), span

two height levels (e.g., a locker), or all three (such as a pillar).

3Basically, the person’s position is assumed to be the center of a clock, so that at most
twelve additional points can be placed around that point in the exact positions that the

corresponding numbers would occupy on a clock face.
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Interestingly, all the features offered to let sighted people explore an envi-
ronment are quite similar to the ones required by blind and visually impaired
people, however, they need to act differently. Assuming that blind and vi-
sually impaired people will always use assistive technologies, by leveraging
the tools that current digital technologies offer these differences can be dealt

with pretty easily.

4.5.2 Introducing the SCAMP methodology

Finally, as part of the research project documented in this PhD thesis an
attempt to leverage digital technologies to make physical objects (more in
particular, cultural heritage) accessible has been done. The decision to work
on specific objects has not been randomly made: they have been chosen
as they represent a proxy towards reality. Improving their accessibility, in
fact, would improve the accessibility of a specific field that has not been
traditionally the center of attention for accessibility efforts. Additionally, a

very strong inspiration led to this choice.

It was a sunny day. Birds were chirping. And in the midst of
all it was the Herbarium in the Botanic Garden and Herbariumfl
of Alma Mater Studiorum - Universita di Bologna’] holding all
sorts of flowers, plants and herbs in a stunning grass. You can
touch them, smell them, feel the vibes only such an atmosphere

can give you.

Unfortunately, a PhD thesis cannot bring you the exact same atmosphere
of that day, while walking on the grass and learning about these artifacts. But

you can imagine how surprising it was to find out that part of this atmosphere

4The Botanic Garden and Herbarium of Alma Mater Studiorum - Universita
di Bologna, https://sma.unibo.it/en/the-university-museum-network/botanic-

garden-and-herbarium/botanic-garden-and-herbarium.
°Alma Mater Studiorum - Universitd di Bologna, https://www.unibo.it/en/

homepage.


https://sma.unibo.it/en/the-university-museum-network/botanic-garden-and-herbarium/botanic-garden-and-herbarium
https://sma.unibo.it/en/the-university-museum-network/botanic-garden-and-herbarium/botanic-garden-and-herbarium
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could be recreated. In the late 19" and early 20" centuries, Robert Brendel
founded the Brendel company: his goal was to produce highly accurate, very
realistic models to aid in the teaching of Botany. He was a brilliant model
maker, as his main goal in creating these Brendel models was to accurately
capture the sensations of touching the real plants, the colors you would see
if you looked at them, and the shapes you would see if you looked at them

more closely.

One of the main strengths of these models is the fact that they were real-
ized with interactivity in mind: they were designed to be passed around the
classroom by students who would then manipulate and disassemble them to
examine every little aspect. They have been realized with different materi-
als (e.g. papier-maché, wood, wax, metallic wire, canvas, gypsum, feathers,
textile fibers, cardboard, rope) de facto being thought as a thing you should
experience rather than you simply observe. Surprisingly, as time passed,
they were left in a closet, nearly forgotten by everyone, taking powder, and
being unavoidably ruined by the effects of time. Nothing was done to pre-
serve or analyze them, and highlight their extraordinary characteristics: in
deed, these models have an indisputable aesthetic, educational and historical
significance. Due to their current state, the Brendel models are no longer
manipulable; as a result, their most crucial feature (that is, enriching botany

learning by haptic exploration) is lost.

After learning that there were many Brendel models with these charac-
teristics and in the same situation lying around all over the world, and that
there are other scientific, manipulable artifacts with a high historical value
that could benefit from such a treatment, it has been decided to create
lentific Collections Accessibility Making Process (SCAMP)| it consists of a

generic methodology to make them accessible again by means of digital tech-
nologies but preserving their physical nature. Such methodology consists in a
theoretical and practical modelling process involving the usage of multimedia
technologies to enhance the specificities of modelled objects. The expected

outcome of the process is that, after applying it to an artifact, the end result
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embodies the same values as the modelled object enhanced in one or more
ways. Given the importance and the intrinsic characteristics of such objects,
the described process can be considered both as a way to preserve them and
make them accessible again. In this case, though, the term accessible assumes

two different, yet strictly related meanings:

1. Make them more accessible to the general public. By definition, due to
their historical significance these objects are no longer suitable for being
manipulated. This is the reason why preserving measures are generally
adopted: unfortunately, these necessary measures make them inacces-
sible to the general public and, in particular, to blind and visually

impaired people.

2. Make them accessible for blind and visually impaired people. The strong
focus on the tactile feelings which model makers often put onto these
models make them fascinating artifacts with regard to their accessibil-
ity for blind and visually impaired people, as they use their touch to
explore objects and perceive their characteristics. By definition, such
objects act as prozies for explaining more complex (eventually abstract)
concepts they represent which, in turn, may be even less accessible (for
instance, due to a lack of tactile resources illustrating them). Therefore,
improving their accessibility for blind and visually impaired people to
these objects can potentially improve the accessibility of other scientific

areas.

It is argued that by designing an interactive, guided experience which aims
to let the user perceive all the characteristics of the original objects through
a physical, tangible artifact realized with this purpose in mind, both prob-
lems can be solved in a universal design fashion. Each of these experiences
must be created using contemporary technology and multimedia content to
highlight all of a model’s distinctive features; adopting such a multimodal
strategy entails making its use more inclusive and accessible for people with

disabilities, while also improving the user experience for the general public.



4.5 Introducing A11YVT and the SCAMP methodology 111

To build at least one prototype to prove the feasibility and assess the
effectiveness of the described process, it has been decided to apply it to one
of the Brendel models; to pick the right one, though, some criteria have been

carefully established::

e simple enough to reproduce, yet representative for the most peculiar
characteristics you can find in the Brendel models; this way, the suc-
cessful implementation of that specific model proves the possibility to

apply the same process for other models and other similar artifacts too;

e not too technically challenging in the fine details, yet challenging enough

to act as a proof of scalability of the process to other objects;

e allowing the design of a simple, yet complex interactive user experience.

The natural aging process has made some models deteriorate over time;
we decided to exclude them from our selection, as handling them would
require knowledge not available in our team at the moment. After evaluating
all the available models in the Bologna Brendel collection and excluding the
most deteriorated ones due to the natural aging process, it has been decided
to apply the process to create a prototype for the Brendel Model of Phaseolus
vulgaris Linn. which is shown in Fig. and has all necessary characteristics
to be representative for all objects the process is intended to be applied to.

The proposed process can be broken in two distinct phases: the repro-
duction of the model, and the design of a user erperience that exploits the
obtained artifact to create a sophisticated, highly interactive experience that
enhances the characteristics of the original object.

The main purpose of the model reproduction phase is to get a tangible
artifact that can replace the original object. The obtained reproduction must
accurately reproduce all characteristics of the original objects (especially
their shapes and tactile feelings). Unfortunately, when dealing with these
artifacts information on how they have been made or on the exact materials
that have been used to create their parts is often unavailable. Therefore,

in order to get a tangible item that reflects the characteristics of the object
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Figure 4.4: The Brendel model of Phaseolus vulgaris Linn, illustrating the
early stages of the germination process of a bean plant.

Source: Sistema Museale di Ateneo (SMA). Alma Mater Studiorum - Universita di Bologna
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being modelled, it is necessary to leverage an immaterial (digital) interme-
diate representation of the original object. When it comes to creating 3d
digital representations of physical objects, 3D scanning and photogrammetry
are the elephants in the room. As accessing a 3D scanner was not possi-
ble, photogrammetry has been leveraged in this prototype phase: it basically
consists of taking several pictures of an object with a high-resolution camera
to capture a 360-degree view of it, so that a 3D-model of the object can be
constructed by processing them with specialized software. Once obtained
the digital 3D model, the problem of creating a tangible artifact becomes a
matter of employing an accurate, fine-tuned 3D printing process.

With regard to the design of a user experience for each object, the process

can be broken down into different phases:

1. Analyze the original artifact. It is very important to understand the
ratio behind each model: which were the intentions of the author when
creating it? What should the object illustrate? How is it supposed to
do that? While answering these questions may seem obvious, reality

showed that this is not always the case.

2. Design multimedia content to accompany the recreated model. 1t should
be in line with the results obtained from the previous point. The user
experience should enhance the original, intrinsic characteristics of the
object, and not alter its nature; it should be seen as a way to add

multimodal content into the mix.

3. Design the interactive, guided user experience suitable for the recre-
ated model. It should exploit all the properties of the recreated model
and multimedia content to let the user enjoy the characteristics of the

original object in a new interactive, multimodal way.

With these considerations in mind, ensuring that the provided experience
makes the original object more accessible, both for people with disabilities

and the general public becomes a matter of keeping into account the needs of
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these people while creating multimedia content, as satisfying other necessary

requirements automatically arise by definition from the process itself.



Chapter 5
Implementing the research project

As illustrated in Chapter [4 the high level goals of the research project
documented in this PhD thesis consist in making web accessibility more
accessible and using digital technologies to improve the accessibility of in-
door environments and physical objects with a high historical value (aka
cultural heritage) for blind and visually impaired people. Having provided
an overview of all the produced artifacts and the design decisions behind their
development, in this chapter some technical details of their implementation
will be discussed. Challenges faced in the process and the solutions adopted
to overcome them will be illustrated as well.

As outlined in Section the proposed approach to make web accessi-

bility more accessible encompasses a combination of three different artifacts:

e the [SAHARIAN| browser extension, to implement an innovative acces-
sibility testing and evaluation methodology to let developers directly
perceive accessibility issues in their code and their impact on people

with disabilities;

e the AX framework, to support the development of applications and web-

sites that are accessible by default;

e A11A, a categorized and structured repository of accessibility-related

developers to make finding them much easier for people who are not

115
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experienced in web accessibility, and perhaps serves as a reference for

accessibility experts as well.

Their implementation, the challenges met in the process and the decisions

that have been made to overcome them will be discussed in this section.

5.1 Implementing the AX framework

As already explained in Section part of the research project docu-
mented in this PhD thesis consists of helping developers to create applica-
tions and websites that are accessible by default. All the decision and the
philosophy that makes this goal possible have already been examined in Sec-
tion In this section, though, the more technically involved aspects will
be analyzed; or, in other words, the implementation how the AX framework
and the challenges faced in the process (along with the solutions to overcome
them) will be discussed.

First off, given the characteristics and the goals of the framework, the
web components [GI14] specifications naturally constitute a solid foundation
to build such a framework. Indeed, being standalone and self-isolated pieces
of code that can encapsulate all they need to function properly (markup,
styling, business logic, and so on), web components are a perfect match for
the framework. While web components have been made popular by very
well known JavaScript libraries (react [Met22|, Vue.JS [Vue22|, Angular
[Ang22|, to mention a few), fortunately given their success and the many
benefits they bring to modern web developer the has enacted several
standards that make the creation of web components possible natively in web
browsers (i.e. without depending on such libraries). More specifically, the
combination of standardized technologies that have been leveraged to

implement the AX framework include:

e Shadow[DOM, to create a[DOMrepresentation for each web component.
Essentially, this representation contains the markup generated by the

component and is managed by its business logic;
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o (Custom |HTML| elements, that allows the HTML| to map web components
to custom HTML| tags, effectively allowing the language to be extended;

e [HTMI| templates, to facilitate the creation of the internal managed

by each component.

This combination of web technologies makes it possible for the AX frame-
work to work either in conjunction with the aforementioned JavaScript li-
braries that initially promoted web components (thanks to additional tricks
adopted during the implementation, such as special attention to the logic

behind events dispatching), or independently as a standalone solution. Fig-

ure [5.1| shows a |Unified Modeling Language (UML) class diagram that repre-

sents the internal structure of some components in the framework. While
it represents a limited subset of the components made available by the AX
framework, it allows some crucial characteristics of its internal architecture
to be highlighted.

First off, as per the actual web components specifications, it is evident
that the logic to implement each of them is self-contained within a single
JavaScript class. It is worth discussing some relationships among these
classes, though. As it can be easily noticed, all classes in the AX framework
extend (either directly or indirectly) the AXElement class: this allows for the
logic common to all components and boilerplate code necessary to make them
work properly to be implemented only once in a single class, therefore facil-
itating code maintenance over time. In addition, this decision makes it pos-
sible to implement various utilities shared across all components to facilitate
their development and optimize their performance. In turn, the AXElement
class extends the HTMLElement class natively provided by the imple-
mentation: this allows to leverage certain features (such as handling of event
dispatching and classes) exactly as they work in without having to
reimplement the necessary logic manually. One may argue that this ezposes
all components to intentional tampering from web developers (e.g. by
manipulations): while indeed this is true, current web technologies provide

very limited support to prevent such abuses; additionally, even considering
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this drawback, it is argued that the AX framework is still a huge step forward
towards the creation of websites and applications that are accessible by de-
fault. In fact, this kind of tampering requires the developer to intentionally
and consciously mess up with the framework internals.

The existence of the AXElement class finds even stronger justifications if
very specific implementation details such as performance optimizations, sub-
tle differences in the way in which different browsers handle web components,
attributes handling, and the “hacks” that can be necessary to make the AX
frameworks web components interoperable with other popular JavaScript
libraries. For instance, consider the very simple requirement of customizing
a component by providing some input, or passing it the data that should
represent. Two related, yet different mechanisms have to be coordinated to

get, the desired effect:

o Attributes, whose values are defined in a declarative way in the
document. They are placed inside the element’s opening tag and always
come in name/value pairs (originating from the syntax name="value").
When browsers parse to create the DOM]| of a web page, they
recognize the attributes and create properties from them. An
important limitation that must be considered is that generally speaking
(but of course, the Web would not be the Web without exceptions to

the general rule) the value of an attribute can only be a string;

o properties, which are all properties of objects that constitute the

of a web page. They may arise from parsing [HTML] attributes, but
can also be provided with other dynamic mechanisms;

Handling the relationships within properties and attributes in web compo-

nents is not easy, as it must be kept into account that:
e there can be properties with no corresponding HTML| attributes;

e there can be attributes with no corresponding [DOM] properties;
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e if an [HTML] attribute and a property with the same name exist,
they are not synchronized automatically; instead, it is the component’s
responsibility to provide the necessary logic to do that and reflect the

changes in the rendered markup.

This property reflection and value synchronization logic can be complex and
prone to errors, and therefore it has been abstracted in the AXElement class
wherever possible.

Speaking of hierarchical relationships among classes, it is also worth not-
ing the particular case of form fields. Indeed, while developing the AX frame-
work, it became apparent that different groups of web components shared
very similar characteristics, thus required a very similar approach to be im-
plemented. This is the case of form fields: indeed, accessible form fields
require very similar markup to be implemented in an accessible way. This
is the reason why the FormField class has been created to encapsulate such
common logic, so that its subclasses have to deal only with the specificities of
the field they represent. An evident exception is the case of the Radio class,
which is intended to represent a radio button; as its specificities prevail on
the similarities with other form fields, it extends the AXElement class even if
it technically represents a form field.

To conclude the analysis of the class relationships among various web
components of the framework, the Table class is emblematic of a situation
that also emerged in other areas: various classes have to strictly cooper-
ate to enforce the generation of accessible markup for the component they
represent. Table cells, for instance, need to coordinate themselves with the
table in which they have to be nested in order to determine whether they
represent a row header, a column header, or a standard data cell. Similar
reasoning applies to the TableRow class too. These entanglements are so
crucial that careful decisions have been made to establish where each piece
of this common logic had to be implemented, as well as designing a clear,
yet effective to make their existence (which cannot be avoided) sustain-

able from a code engineering point of view to facilitate the maintenance and
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future development of the framework itself in the long run.

Finally, the class diagram shown in Fig. gives an opportunity to
illustrate of the declarative nature of the AX framework has been exploited
to enforce the generation of accessible markup. First off, given all the char-

acteristics, the problem can be broken down in two parts:

e ensure that all information necessary to the generation of accessible
markup (for instance, think of alternative text for images or labels
for form fields) is provided. This can be done by walidating the at-
tributes encapsulating this information, rendering visually appropriate

error messages in case of problems;

e ensuring the correctness of hierarchical relationships (for instance, that
radio buttons are contained in a radio group element) among the com-
ponents nested within a page. The allowedParents field of each com-
ponent class indicate which components can act as a parent for it, so
that the correctness of nesting relationships can be statically validated

while rendering the page.

But this is not the end of the story. In fact, two more factors get involved

in this process:

e such analysis can be expensive, therefore having a bad impact during
the rendering of complex web pages and applications (especially during
dynamic[DOM|updates, which may result in visual artifacts due to slow

code execution);

e unfortunately, there are checks that are critical to the generation of
accessible markup that cannot be performed statically, either because
external and uncontrollable factors come into play (such as user agent
customizations on visual appearance of a page), or additional flexibil-
ity to customize the AX framework components is required (think of
CSS| styling to customize their visual appearance) that may introduce

additional issues.
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Therefore, to solve all issues the markup rendering process is divided in two

different phases:

1. the actual rendering. In this phase the most appropriate markup is
generated for each web component, only performing those quick checks

that do not have a significant impact on the performance of the process;

2. The validation phase. In this process, which is started asynchronously
after the rendering phase ends, the correctness of hierarchical relation-
ships and other expensive accessibility validations can be performed.
These include running the axe-core [Deq22a| automated accessibility
testing engine to catch all issues in the generated markup that could

not be caught otherwise.

While in some circumstances these optimizations can introduce problems
(e.g. mnot being able to complete if the components are rendered multiple
times in very shot time intervals), heuristics have been put in place to rec-
ognize such scenarios and unwind them to make the entire rendering process

blocking and synchronous.

Before concluding, two additional considerations on the internal architec-
ture of the AX framework should be made. First off, due to the way it has
been designed and implemented, it can be adopted gradually within exist-
ing process: in this way, developers can rewrite their code to leverage it by
breaking down the process in various chunks. Secondly, all components in
the AX framework do not take control of any aspect that is related to their
visual appearance, unless that is strictly necessary to provide a basic working
implementation of their business logic; developer can freely customize all as-
pects related to their look, while relying on the accessibility of the framework

that prevents them from introducing accessibility issues in the process.
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Figure 5.2: The first screen of the interface for the [SAHARIAN| browser exten-

sion

5.2 Implementing [SAHARIAN

Part of the strategy to make web accessibility more accessible introduced
in the research project documented in this PhD thesis involves an innovative
accessibility testing and evaluation methodology, capable of letting devel-
opers perceive directly (i.e. experiencing in first person) accessibility issues
and their impact on people with disabilities. As already explained in Sec-
tion this is achieving by mapping the accessibility of a web page on

concepts that developers are already familiar with:

e the visual rendering, so that the appearance of the page reflects its

accessibility;

e mouse operability, so that elements can be used with a mouse (or any
similar touch screen device) if and only if the equivalent action can be

performed by assistive technology users leveraging keyboard navigation.

To demonstrate the feasibility of this methodology, it has been imple-
mented in a browser extension currently available for the Google
Chrome browser. Figure [5.2] shows the initial screen that is shown immedi-
ately after activating the extension on any web page.

SAHARIAN| can be activated on any web page rendered in the browser,
independently of its origin server or any other of its characteristics (e.g.

being protected by firewall rules or other access restrictions). The extension’s
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business logic is executed entirely client-side (locally in the browser): no
cloud service or central infrastructure is involved in any phase of SAHARTAN/s

lifecycle. This implementation choice provides many significant advantages:

e it can be used safely on confidential web pages (e.g. for projects that

are not publicly available yet or never will be);

e if specific certifications are necessary to integrate [SAHARIAN|in accessi-
bility testing and evaluation processes, the absence of a central infras-

tructure can ease obtaining such certifications;

e it guarantees that obligations arising from various laws about testing
web pages that may contain sensitive data (for instance, think of
leral Data Protection Regulation (GDPR)|in the or other privacy

laws) are fulfilled, as no data transfer happens;

e there is no way for SAHARIAN/s developers, or any stakeholder involved
with it, to have a clue on the information being processed (thus websites

and applications being evaluated) by the extension.

Whenever [SAHARIAN|is activated, it achieves its goal by performing three
tasks:

1. replacing the visual rendering of the page with a representation gener-
ated to reflect information conveyed by its to assistive technolo-

gies;

2. intercepting all mouse events, handling them with a more complex logic
to mimic their equivalent keyboard events and dispatching them to the

original event target;

3. listening for changes, so that it can update the generated visual
representation of the page whenever its content changes (for whatever

reason that caused the change to happen).
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These steps are executed in order to implement (thus respecting the cor-
responding principles) the strategy discussed in Section m To provide an
example of how works, thus a practical example of the proposed
accessibility testing and evaluation methodology in action, Fig. [5.3|shows the
visual rendering of the New York City Police Department’s official website
as shown in any web browser. Instead, Fig. depicts its representation
generated by the page is gradually despoiled of style and images

in favor of a structure visualization functional to the accessibility analysis.

Figure 5.3: Homepage of the New York Police Department’s official website

as shown in a web browser

In order to make work in many scenarios out in the wild, sev-
eral significant technical challenges have been faced. First off, web pages can
nowadays be extremely dynamic: the actual DOM]structure being executed
at a certain point in time can be completely different from the one corre-
sponding to the code sent by the server while replying to the initial page
request. In addition to this, the DOM] can be manipulated at any point in
many unpredictable ways. To deal with this, always reflects the
information conveyed to assistive technologies by the [DOM} its mutations
are monitored as well, so that the representation can be updated whenever
it changes. This is done by leveraging the Mutation Observer [AP], with

a fallback timer mechanism for edge-cases in which it would not suffice or
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Unlock the key to NYC. Get the latest on the COVID-19 Vaccine. Agency
service suspensions/reductions.

Figure 5.4: Visual representation of the Homepage of the New York Police

Department’s website generated by [SAHARIAN

its implementation is unreliable (e.g. due to race conditions in concurrent
changes).

Moreover, the page representation generated by has been care-
fully crafted in order to fully implement the methodology illustrated in Sec-
tion[4.3.1] Therefore, specific designs have been developed for each supported
widget. These designs have been created keeping into account the fact that
a widget could be implemented by leveraging a variety of elements
(specific HTML tags or generic ones whose semantics have been enriched
leveraging attributes from the specification). They have been
conceived to try to make the visual representation as similar as possible,
regardless of the implementation method.

Finally, special attention has been given to handling mouse events. In
fact, this is the key to implement the mapping of expected interactions
by non-disabled developers to their equivalents used by assistive technology
users via keyboard navigation as described in Section When
is activated, it intercepts all mouse events and converts them into appro-
priate keyboard events deemed equivalent to the original one according to
various criteria; this event is then dispatched to the initial target of the orig-

inal event or (under some circumstances where it is most appropriate) to its
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Sandwich Condiments

Sandwich Condiments

Lettuce

Tomato

- Mustard

“ Sprouts

End of Example

Figure 5.5: The visual representation generated by [SAHARIAN| for a checkbox
implemented correctly

children or siblings. Given the complexity of the [WAI-ARTAfpecification,
deciding the event target follows rules that are not always trivial to keep into
account the possibly complex hierarchycal relationships (think to the con-
cept of owned elements, which does not always match with the parent-child

elements nesting).

To provide an example of such mappings, Figure [5.5] shows the visual
rendering of a correctly implemented checkbox as rendered by [SAHARTAN]
while Fig. [5.6]shows how a checkbox that cannot be toggled via the keyboard

is rendered by [SAHARIAN]

While developing [SAHARIAN] it became apparent that implementing some
features could look trivial at a first glance, but as they say, often the devil
s in the details. For instance, this challenge emerged clearly when dealing
with images (determining their associated alternative text), or computing

the accessible name and description of each element. While standards and
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Sandwich Condiments

Sandwich Condiments

Lettuce

Tomato

. Mustard

“ Sprouts

End of Example

Figure 5.6: The visual representation generated by |SAHARIAN|for a checkbox

which does not support keyboard navigation properly as it cannot be toggled
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guidelines describe how they should be computed, and even provide an algo-
rithm through pseudocode, different edge-cases are not covered; furthermore,
practical experience showed that sometimes assistive technologies behave in
slightly different ways than expected by reading and understanding the stan-
dard. In those cases, the decision on whether it was better to strictly follow
the specifications or to behave as assistive technologies do has been made
on a case-by-case basis, picking the alternative that has been deemed most
appropriate for the ultimate goal of the browser extension.
Finally, it is worth mentioning that in order to develop and test[SAHARTAN]
in these three years a repository of practical accessibility examples has been
created: in fact, for each widget to be handled at least an example using
native elements, one with attributes from the specification,
and other ones with different (and known in advance) accessibility errors
were necessary. This dataset will be published in the future, hopefully acting

as a reference for further work in this field.

5.3 Implementing A11A

As already illustrated in Section many resources have been produced
over the years to support designers, developers, content authors, managers
and any stakeholders in the creation of accessible websites and applications.
These come in different forms (written articles, videos, tools, etc.), and can
satisfy the requirements of different user targets. Unfortunately, there is ev-
idence that developers and other stakeholders have difficulties finding these
resources: it is clear that you need to know what to look for, where to
look it for, and then select the most suitable resources across a larger set of
them. Such selection should be made keeping into account different criteria
including the “authority level” of the information source, the relevancy of the
resource to the project and its suitability to reach the established goal. Ad-
ditionally, making conscious decisions about web accessibility often requires

understanding and comparing “contrasting” and incomplete information to
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get the “big picture” for the topic being considered.

Undoubtedly, this becomes part of the complexity of creating accessi-
ble content, increasing the “cost” (in terms of time, money, and cognitive
efforts) required to create accessible websites and applications. Therefore,
as part of the research project documented in this PhD thesis, it has been
decided to create A11A: a structured, categorized repository of accessibility-
related resources. It is argued that, other than creating innovative tools
and methodologies, making web accessibility more accessible cannot be done
without making it easier for stakeholders to find and use effectively the ex-
isting resources is essential. In this section some technical details about the
implementation of A11A will be discussed, highlighting some specificities of
the project arising from its characteristics.

In order to collect existing accessibility resources on the website, a hybrid
approach in between a wiki and a blog has been chosen: indeed, the website
contains a page for each accessibility resource to be published, including both
an accompanying text written by the website creator| explaining its purpose
and how to leverage it effectively, and useful links point to it. Each resource
published on A11A has been personally tested and reviewed by the author of
this thesis to assess its effectiveness, completeness and correctness wherever
appropriate. All pages, though, contain features that can be commonly found
on blogs; these include the ability for users to leave comments and discuss
their content and share them on their social networks.

Figure contains a screenshot that shows the Homepage of the A11A
website. Apart from decorative elements (such as the top bar containing the

website logo), it is made of six distinct components:

e the main menu, that contains all links to get to the various sections of

the website;

e the search box, that allows to perform free text searches among all

pages published on the website;

LAll pages published on A11A until now have been authored by myself, Vincenzo

Rubano; however, the website can be opened to external contributions in the future.
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e the main content area, which occupies the largest portion of the screen

as it shows the main content of the page;

e the sidebar, which shows complementary (and context-dependent) in-

formation to the content shown in the main content area;

e the footer, which contains additional links to useful pages of the web-

site.

Being developed with a responsive, mobile-first design, the positioning of
these components may vary depending on the device used to access the web-
site and some of its properties (e.g. window size, screen resolution, etc.).
Speaking of the sidebar, its content actually varies depending on the type
of page in order to provide only complementary information that is actually
useful for a reader of that page. In general, it can contain various cards
showing the list of the newest published resources (i.e. the last ones that have
been put on the website in chronological order), the newest topics treated
on the website, and several calls to action to invite users to engage more

with the website and stay up to date with its content (e.g. by subscribing

to its [Really Simple Syndication (RSS)|feed or following its social network

pages). A special card that is worth mentioning is the one that shows related
content to suggest users similar pages to the one they are reading on the
website whenever appropriate; as this is based on various criteria (including
the page content itself), this is believed to be useful in letting users discover
additional accessibility resources related to the one they are reading about
(for instance, think of getting as related content the guide to understand a
specific standard while reading the page that introduce that standard and
explain its purpose).

The variety of accessibility resources available on the Internet is reflected
by the various sections of the website (which as explained before can be

reached from the main menu). More specifically, these include:

Frameworks and libraries. This section contains pages related to frame-

works and libraries that can be leveraged to improve the accessibility of
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Home Fram
Lib:

HomePage

Welcome to A11A, a curated, categorized collection of accessibility resources to help you produce accessible content! No matter
what technology, language, software application or communication means you are dealing with: you might be able to find
something useful to help you produce content that is more inclusive!

The power of the Web is in its universality. Access by everyone regardless of disability is an essential aspect. Tim Berners-Lee, Follow AT1A on Twitter

inventor of the World Wide Web Subscribe to A11A RSS Feed

Latest Resources
from the Wiki

A11YTools Browser

Accessibility in Android Extension

Apple Accessibility Resources
Assistive Technologies

Audio and Video

Braille

Browser Extensions
Captioning

Color Contrast

Digital Publishing
one minute reading

Getting Started
Android Accessibility

Accessibility in i0S
Scanner

LaTeX Documents Accessibility
Linting

Accessibility and Linux

Accessibility in Mac OS

Math Accessibility

Optical Character Recognition (OCR)
PDF Documents Accessibility

Accessibility in React

Screen Readers Read more

Figure 5.7: A screenshot of the A11A Homepage
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projects written in many languages and using different digital technolo-
gies; these include both the ones developed specifically for accessibility-
related purposes, and the ones who may facilitate the creation of acces-
sible content indirectly (e.g. as they generate more accessible output

when compared to their counterparts);

Guides and tutorials. This section contains guides and tutorials that ex-
plain a very wide variety of topic, including resources on how to achieve
specific goals (e.g. producing accessible Math equations), explaining
how to use complex tools (e.g. user manuals for accessibility test-
ing and evaluation tools), or provide support for understanding and
leveraging other resources (such as guides illustrating how to interpret

technical standards);

Laws and regulations. In this section pointers to different laws and reg-
ulations enacted by various countries in the world to enhance digital
accessibility are described. Wherever possible, the accompanying text
tries to summarize the essential content of the described law and/or

regulation, as well as its practical effects;

Standards and guidelines. This section includes references to the more
technical standards and guidelines (such as the ones that make web
accessibility actually possible) that cover different digital technologies.
It includes the ones that are standards de facto even if they cannot be
technically considered as such (think to the Accessibility reference

of an operating system, for instance);

Tools. Perhaps the most heterogeneous section, it includes all kind of tools
to help stakeholders (designers, developers, content authors, managers,
and more) to create accessible products leveraging different digital tech-
nologies. They range from browser extensions to command line tools,
including web services and standalone apps with all the forms in be-

tween them;
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Videos. Asobvious as it seems, this section contains references to accessibility-

related videos covering different topics; these include technical discus-
sions, conference presentations, tutorials, webinars and more. When-
ever possible, each page contains a player to let users watch the video

without actually leaving A114;

Wike topics. This section contains all topics covered by at least one page

published on A11A. Wiki topics can be thought as the typical tags that
have been historically used in blogs to group related posts by common
subjects they refer to. One can find topics to classify all resources
published on A11A by a very heterogeneous set of criteria: examples
include tags for iOS or Android accessibility, common frameworks used
in web development projects (Vue.JS, React, Angular, etc.), specific
subjects they relate to (Math, LaTeX, etc.), and more. In combination
with the website sections, wiki topics should reflect the various criteria
with which accessibility-related resources can be classified, organizing
them to make for stakeholders as easy as possible to find what they

could be interested in.

To actually implement A114A, it was decided to leverage a|Static Site Gen-|

erator (SSG); this decision arose after considering some advantages provided

by leveraging such a tool to build a website:

o low server maintenance costs, as [SSG| output consists of static HTML

pages that can be rendered by web browsers directly (i.e. no server

side rendering is required);

very high performance and scalability, due to the characteristics of SSGp
output;

quick prototyping time, allowing for very fast experimentation (for in-
stance, you can dramatically change the structure of the website in

minutes);
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e security, for various reasons arising from the characteristics of [SSG;
notably these involve the web server, as it must only serve static [HTML

pages, and content, as it can be easily backed up in multiple pages;

o quthoring flexibility, as they allow a wide variety of formats and storage
mechanisms to be used for site content; in case of A11A, it has been
decided to leverage markdown |Grul2| to write its pages, and store all
content (along with layouts and the code implementing the infrastruc-

ture to build the website) in a git [Spil2] repository.

Hence, A11A has been built as a [JavaScript APIs and Markup (Jam-|
website by means of the hugo [GoH]| static site generator. Hugo has
been chosen over its many competitors due to its superb performance, on-
boarding experience?] and its extremely well written documentation.
ISide Rendering (SSR)| techniques are leveraged only for pages that cannot

be built by [SSGE for obvious reasons; in case of A114; such pages include the
ones that handle form submissions.

Speaking of form submissions, a very particular infrastructure has been
implemented exploiting to the maximum the template system provided by
hugo; such infrastructure allows to easily specify the structure of forms by
means of very simple [Ain’t Markup Language (YAML) [EBKAN17] files. Dur-

ing the site build process, these files can be used to:

e generate the markup that is necessary to render the form within the
page, along with suitable client-side constraint validations to ensure

the correctness of submitted data; and

e generate the code for a page that, by means of [SSR] techniques, handles
the submission of the form by performing server side validation of the
submitted data and executing custom tasks for each form (e.g. send

emails, store data, perform searches, and so on).

2There are|SSGE that require you to spend hours understanding how they are supposed
to work before getting the first line of output.
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Listing shows the [YAML|code that is necessary to generate the contact
form used on A11A as shown in Fig. 5.8

Listing 5.1: [YAML| code from which the A11A contact form is generated

method: post

action: /contact

name: contact

fields:

name: name

type: text

label: Given name
required: true
pattern: "[\\pL|+"
minLength: 3

name: lastName
type: text

label: Family name
required: true
minLength: 2

name: mail

type: email

label: EMail address

required: true
name: subject
type: text
label: Subject
required: true
minLength: 5
maxLength: 200
name: body
type: textarea

label: Message Text
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yay! Let's get in touch...
Older post: About

Given name:
Newer post: Vincenzo Rubano

EMail address:
Follow A11A on Twitter

Subscribe to A11A RSS Feed

Message Text:

Optical Character Recognition
(OCR)
Send message Design

Typography

Digital Publishing

Color Contrast

View All Topics in the
Wiki

1A Contact Llegal ~
AT11A is copyright © 2021-2023 by Vincenzo Rubano, some rights reserved. Except
)

otherwise noted, content on this website is licensed under [@)

Figure 5.8: A screenshot showing the A11A contact form

required: true
sendButtonText: Send message

successPath: /thanks/contact

It is argued that A11A’s implementation is interesting from a software
engineering point of view. Given that it has been decided to minimize the
dependency on external cloud services (which is one of the main drawbacks of
leveraging to build websites with dynamic features), for instance, the
internal content search engine has been implemented by leveraging FTS-5
[Sql22], a technology aimed at enabling users to perform fast searches on
large quantities of text data. Thus, a SQLite database is generated during
the site build process, so that the search engine can be implemented just by
executing appropriate queries on it according to user input and rendering the

results. Another aspect that is worth noting is that A11A’s graphical layout is
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based on the bootstrap [TWB22| web framework; however, as maximizing
the performance and reducing the page footprint were two wanted require-
ments, the stylesheet is then processed by means of a pipeline based
on PostCSS [Pos| and various plugins that compile the input stylesheet and
remove unused code, optimize the output and minimize its size (e.g. by

removing unnecessary whitespace).

5.4 Implementing MARFE and ARIA-Service

When it comes to creating accessible websites and applications, the WAT
specification is a very powerful tool that can be leveraged by web
developers to determine the semantics with which their content is exposed
to assistive technologies. Unfortunately, as it is often the case, being this
standard so powerful and flexible makes it complex to use it correctly. This
is highlighted by one of its fundamental usage rules listed in the
practices guide [Wor22a] document maintained by the [W3C| (that is part of
the documents suite): “No is better than bad
[ARTAJ, meaning that from an accessibility standpoint it is better to avoid
leveraging this specification at all if people do not know exactly what they
are doing.

Unfortunately, evidence shows that this complexity often results in ac-
tual implementations of this specification being wrong (i.e. using wrong
attributes, or using them in inappropriate ways) or incomplete (i.e. not im-
plementing the keyboard navigation interactions to fulfil assistive technology
users expectations for each role); often developers do not even realize the
critical side effects that such bad implementations can have on people with
disabilities while using them. Therefore, as part of the process to make web
accessibility more accessible, it has been decided to deal with this specific

problem proposing two different innovative tools:

e the Missing ARIA Role Explorer (MARE), an interactive tool that lets

developers explore all the information they need to effectively leverage
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roles and provide complete implementations;

e ARIA-Service, a JavaScript library that can be embedded in any web

page to “automagically” provide all the necessary keyboard navigation

support for all WAT-ARTA] roles.

While this very specific problem was not part of the research project doc-
umented in this PhD thesis as initially conceived, it is argued that making
technical standards more accessible (in the sense of reducing cognitive efforts
required by stakeholders to effectively leverage them), and that the necessity
of such tools clearly emerged during the development of the AX framework and
the browser extension (described in Section [5.1] and Section [5.2]
respectively), it has been decided to tackle it. In this section various techni-
cal details about their implementation, as well as some challenges and how

they have been overcome, will be discussed.

5.4.1 Implementing MARFE

Before introducing it is worth highlighting that, as explained
in Section [2.1.3] many resources to help web developers effectively lever-
age the specification have been published over the years. Along
with the technical standard itself, these include rules to decide if and when
the specification should be used, support resources illustrating how to use
it properly, and practical code examples explaining how the expected key-
board navigation interactions can be implemented. Unfortunately, this pre-
cious information is contained in documents that are very well written, yet
due to their nature are lengthy and possibly not readily usable for practical
problem-solving, or to act as a quick reference to the specifi-
cation. Therefore, as part of the research project documented in this PhD
thesis it has been decided to develop a tool specifically designed to
fill this gap.

The main idea behind the design and implementation of MARE] is that
of making all information available about the WAI-ARIA| specification from
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official sources (i.e. the ones published by the available in a more con-
venient format, hopefully better suited as a practical tool for everyday usage
in web development projects as a quick reference. Thought to be hosted on
A11A as part of the website itself (more specifically, currently reachable from
the “projects” section described in Section 5.3)), MARE]has been implemented
as an interactive web application.

Implemented as a [Single Page Application (SPA)l when it loads MARE

shows some introductory text to illustrate its purpose, as well as an accordion

of collapsible “cards” in which each card corresponds to a different role of the
specification. In contrast to the official documentation, though,
there is a fundamental difference in the way in which treat such
roles from a conceptual point of view. As the WAI-ARTA] specification is
developed as a ontology, roles are organized as a hierarchy
in which a role can eztend different roles (similarly to what happens with
multiple inheritance when dealing with classes in source code). Additionally,
the ontology contains abstract roles, which are not intended for direct usage
by developers; instead, they have been introduced for architectural purposes
(e.g. to define attributes that are common to multiple roles in a shared
ancestor). It is argued that this representation can be simplified: while it is
certainly elegant and functional to the specification authoring requirements,
it may not be the most suitable information representation when it comes to
practical problem-solving and the necessities of a quick reference tool.

Instead, visualize [WAI-ARIA| roles by flattening such hierarchy;

in particular:
e abstract roles are not shown at all;

e if a role inherits attributes from a role it extends, those attributes will

be shown in the information about that role directly.

For each role, displays a collapsible card; this enables users to see
only the information they need, as they can decide which roles to expand

(thus visualize the details about) and the ones to leave collapsed. For each
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role, MARE]| contains the following information:

e a short description to illustrate the semantics of the role (for instance,

the widget it represents);

e how the accessible name is computed (whether from its content, or by

specific user input through appropriate attributes);

e if applicable, pointers to similar concepts in other frameworks (e.g.
native HTML| elements);

e specific information about the expected relationships (such as the ex-
pected role of the parent or owning element, or the role that child or

owned elements must have);

e the complete list of WAI-ARIA| attributes that can be used in combi-

nation with the role to enhance its semantics;

e the list of required attributes, the ones that must be specified to specify

information that “complete” the semantics of the role;

e if appropriate, the expected keyboard navigation interactions that should

be supported.

Gathering the necessary information made several challenges emerge.
First off, the specification is available in two different formats:
the technical standard (which is a traditional textual document), and a
ontology that should represent the same information contained in the stan-

dard. Unfortunately, this representation exhibit several limitations:

e in contrast to the technical standard (which is a normative resource), it
is published as an informative resource: this means that does not
provide any guarantee either on the completeness or the correctness of

the information it contains;

e it is indeed incomplete, as the technical standard provide much more

information about roles than the one that is present in the ontology;
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e it contains no information at all about [WAI-ARIA| attributes (e.g. ex-

pected value type and possible values).

Luckily, information on attributes can be obtained by com-
bining the ontology with another informative resource published by
the in form of a [XML Schema Definition (XSD)} while it is aimed at a
completely different scope (validating the correctness of attribute
values), it contains precious information that is essential for MARE] Finally,

additional important information (such as the expected keyboard navigation

interactions expected for each role) is simply unavailable in any machine-
readable format; therefore, it has been necessary to create and store such
data.

As is generated as part of building A11A, its build pipeline gener-
ates all the expected output from a single JSON file that contains all the nec-
essary data; in turn, this file is generated by an external python script which
combines the three data sources (the roles ontology, the attributes
and the information collected manually) in a format suitable for building
easily: hierarchical roles relationships are flattened (denormalizing
the ontology), attribute IDs are normalized to match the ones
used in the attributes and so on. The MARE]build phase takes as input
the JSON file in this format and outputs an page (and some supporting
JavaScript code) that actually constitute the tool itself. While this may
seem a complex pipeline, it has been adopted as it allows to minimize the
maintenance required to ensure that [MARE] works as expected and the ef-
forts required to update it for reflecting changes in the specification or adding

new features.

5.4.2 Implementing ARIA-Service

When the research project documented in this PhD thesis was conceived,
the creation of ARIA-Service was not part of it. However, as time passed, ex-
periences gained during the development process of the AX framework and the

implementation of the proposed methodology to innovate the way in which
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accessibility testing and evaluation is performed by means of the [SAHARIAN]|
browser extension, various personal considerations and discussions with other
web developers made it apparent that it was a necessity. In fact, many web
developers do not realize that leveraging attributes to enhance
the semantics of their code to make it more accessible is only part of
the story; evidence shows that they have a hard time understanding basic
usage rules (such as the one stating that each role is a promise,
and it is the developer’s responsibility to fulfill it).

Yet, the code that is necessary to fulfill this promise for each role is very
complex: while support resources in the documents suite and
additional educational materials provide a lot of practical code examples, it
is argued that fully understanding the reasoning behind it and its necessity
is beyond the average developer’s understanding: other than the technical
aspects, implementing all dynamic behaviors requires grasping knowledge
such as how people with disabilities use assistive technologies, how assistive
technologies work, how widgets on native platforms that correspond to
roles behave, assistive technology user’s expectations, and more.

Evidence and personal experience of this author shows that this is a
problem even for developers of very popular web development frameworks
and libraries: when they provide widgets that must be made accessible by
leveraging the specification (either due to technical choices or
because there is not a native equivalent element), they do not implement
such behaviors, or provide buggy and incomplete implementations to say the

least.

Assuming that such behaviors for each role should mimic the
user experience provided by their corresponding equivalent native widgets
available in desktop and mobile operating systems, sometimes even code
examples provided by very authoritative sources follow incorrect logic, do
not cover edge cases (which are more frequent than one may think), are

incomplete or contain critical bugs.

With all these considerations in mind, it has been decided to tackle this
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problem with an innovative approach. Instead of focusing on new educational
resources, as part of the research project the ARIA-Service has been devel-
oped. Essentially, it consists of a JavaScript library that, once loaded in
a web page, provides the expected dynamic behaviors that roles
should support: basically, if the markup of a page is correct, ARIA-Service
enables all the features required by assistive technology users in terms of key-
board navigation. Of course achieving such goal introduced some challenges,

which will be discussed in this section.

First off, it has been necessary to carefully examine the speci-
fication to determine the complete list of role dynamic behaviors
to be implemented. Surprisingly, this analysis revealed that there were some
roles requiring specific keyboard support, yet lacking in terms of practical
code examples to implement it. However, by combining the experience of
the author as an assistive technology user of different operating system, to-
gether with analogies from similar roles (for instance, links and buttons are
very similar when it comes to keyboard navigation), this lack of resources has
not been a problem. Other surprising findings from this analysis include the
fact that in some cases the documented keyboard support is not complete,
as there are[WAT-ARTA| roles that require more keyboard shortcuts than the

ones documented in support resources.

One may argue that such a library is unnecessary if there are practi-
cal code examples that demonstrate how to achieve the desired goal. The
problem, though, is that these code examples are not generic enough to be
readily available for integration (i.e. as wrong as it is, by copy-and-paste) in
development projects; instead, developers are expected to fully understand
what the code is doing and implement themselves those features keeping into
account the specificities of their project. ARIA-Service, though, originates
from a simple, yet effective observation: whatever technology is used to build
websites and applications, whatever library they leverage, at the end of the
day this should result in the creation of a[DOM]|within a browser. Supporting

all available tools that allow the creation of websites and applications in a
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single library is of course unfeasible; however, creating a library that provides
support for all keyboard navigation commands necessary to implement the
specification properly by relying only on the is another
story. It is a challenging process, but totally doable.

In particular, the design and implementation of ARIA-Service has been

inspired by two fundamental principles:

e load and forget about it. The main idea is that, after embedding

ARIA-Service in a web page, no additional efforts are required by

the developer to enable keyboard support for allWAI-ARIA|roles. Un-
doubtedly, this brings [WAT-ARTA] roles much closer to native

elements in terms of supporting web accessibility, with the additional
benefits of being usable to implement widgets not available as [HTML
elements (for example, think of treeviews), to overcome styling limita-
tions of native elements, and being suitable to be used in custom

existing implementations where code refactoring (to switch to native
HTML| elements) is not feasible;

e minimize the overhead. As this library has the potential to be loaded
in many different projects, it has been decided to try to minimize its
footprint as much as possible. This can also increase the likelihood of it
being integrated in popular web development frameworks, should their

developers be willing to do so.

Of course, a precondition for ARIA-Service to work properly is the correct-
ness of attributes usage in a web page, and in general of its
markup. The library does not provide any mechanisms to correct this kind
of mistakes, and at the moment its behavior in these scenarios is undefined
(and perhaps will remain as such even in the future). ARIA-Service provides
the expected support for keyboard navigation if and only if the underlying
markup is correct.

Anticipating the complexity of the code to be developed, it has been de-

cided to implement ARIA-Service using TypeScript, a language built as a
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superset of JavaScript to add support for a strong, statically analyzable
type system. While typescript code cannot be directly executed within a
browser, converting it to JavaScript can be automated by means of the
typescript Compilelﬂ While the presence of a build pipeline undoubt-
edly introduces a layer of indirection and complexity within web develop-
ment projects, the choice of typescript does not impact significantly on the
project complexity: indeed, a build pipeline to bundle and minimize the code
is expected to be used by any modern JavaScript library, and is essential
to achieving the goal of minimizing the footprint. Thus, type checking only
becomes a step in a more complex pipeline that would be necessary even if
using plain JavaScript code, with the additional confidence that statically
typed code can guarantee.

Successfully implementing ARIA-Service, though, required overcoming

three main challenges:

e determining how to activate elements when keyboard commands
equivalent to mouse clicks are performed, without requiring additional

efforts by the developer adopting the library;

e storing the necessary state information to implement keyboard naviga-

tion for all roles;

e supporting the hierarchical relationships that the specifi-
cation defines.

With regard to the first challenge, after a careful analysis of all keyboard
commands to be implemented, it became apparent that overcoming it was a
matter of simulating mouse clicks: in fact, when keyboard commands have
to trigger actions on the elements with roles they are applied to, due to the
way in which websites and applications are created the effect can be obtained

by performing a click on it. Thinking again about it, that is exactly what

3Technically speaking, typescript is rather a transpiler than a true compiler. However,
this differentiation is often discarded in its official documentation, thus in this PhD thesis

the two terms will be used interchangeably when referring to it.
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happens for mouse users: it is reasonable to expect that this support works
reliably. Unfortunately, simulating mouse clicks is not easy as it may look
like. While node classes representing elements inherit an intrigu-
ing click () method, unfortunately invoking it does not achieve the desired
result: for security reasons, in fact, web browsers do not trigger the usual
callback sequence they invoke when an actual mouse click occurs, therefore
making the method pretty useless for ARIA-Service’s purposes. To further
complicate the situation, the exact sequence of callbacks invoked when actual
mouse clicks occur (as well as the structure of the dispatched event objects
passed to them) can vary across web browsers, and there are details which
are not clearly documented. However, keeping in mind the original purposes
for which ARIA-Service needs to emulate mouse clicks, a reasonable ap-
proximation might suffice. Indeed, such an approximation can be built by
constructing the same event that a true mouse click would generate, and
dispatching it appropriately. This is exactly what ARIA-Service does to

simulate mouse clicks in a secure, reliable way.

In regard to the second challenge, after carefully examining the require-
ments behind ARIA-Service keyboard navigation implementations for all
roles, it was determined that the state-storage issue could be overcome with
some careful thinking. The first consideration is that, unlike traditional im-
plementations on the Internet for keyboard navigation support,
relying on the as much as possible is a viable option, and reduce the
necessity of using state in the first place. Second, additional state informa-
tion is (or can be) actually stored in attributes applied to the
elements themselves, therefore eliminating another category of information
to be stored. Third, while this is not strictly necessary, some state informa-
tion is essential to optimize the library if solely relying on the DOM]without
storing information in the code (e.g. using internal JavaScript classes or
variables). Luckily, should the need for storing state arise and be unavoid-
able for any reason (working logic, performance, and so on), provide a

great mechanism that can be leveraged for this exact purpose: custom data
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attributes.

Adopting such an approach for developing ARIA-Service allowed de facto
the creation of stateless implementations for the keyboard navigation han-
dlers necessary to support all roles, which in turn introduced

three main benefits regarding:

Performance. Being stateless, ARIA-Service handlers can be attached to
the document object rather than to each element that could invoke
them, therefore saving (potentially a lot of) memory and dramatically

reducing the library initialization time.

Stmplicity. Being made of stateless handlers,ARIA-Service does not re-
quire a sophisticated, complex architecture. It is not even based on
classes: all handlers, in fact, can easily be implemented in a functional

fashion;

synchronization. Being de facto implemented in a stateless fashion, ARTA-Service
does not need either to monitor the [DOM] of a page for its changes,
or provide a mechanism to make developers “report” significant
updates to the library implementation. Instead, the handlers’ imple-
mentations can rely on the fact that they always have the most accurate
view of the DOM] as they basically construct it in a very efficient way

each time they are invoked.

Finally, to make ARIA-Service work in all scenarios supported by the
[WAI-ARIA|specification, the third challenge had to be overcome. In fact, un-
like in [HTML] where hierarchical relationships among components are expressed
by nesting them one inside the other (to form the tree), according to
the WAT-ARTA] specification these relationships can be expressed by means
of attributes as well (for instance, think of aria-owns) without any nesting
requirement for the involved elements. Therefore, when querying the
for information, additional logic has been introduced to keep this into ac-

count. In other cases, though, these attributes can have more significant side
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effects: think, for instance, to the aria-activedescendant case. While sup-
porting keyboard navigation for elements leveraging this attribute requires
a different logic from ones that do not use it and rely on proper hierarchical
nesting of [ HTML] elements, ARIA-Service can happily support both cases with
no issues: due to various careful technical decisions in the way the code has
been written, it does not even ship duplicate logic for handling the two cases
differently.

5.5 Implementing Al11YExamples

In order to pursue the goals of the research project documented in this
PhD thesis, and more specifically to develop the proposed innovative method-
ology for accessibility testing and evaluation (implemented in the
browser extension) and the ARIA-Service JavaScript library, it was essen-
tial to have a repository of accessibility examples that could provide a wide
set of examples of elements commonly available in websites and applications
implemented in different ways, with different accessibility degrees, but know-
ing the accessibility issues affecting each example. Unfortunately, after a
thorough research, such a repository to be exhaustive enough to cover all ele-
ments supported by the browser extension and the ARIA-Service
JavaScript library was not available. Therefore, as part of this research
project, it has been essential to build such a repository called A11YFEzamples.
In this section, the process to build it will be documented, along with the
functional and non-functional requirements that should be satisfied, the chal-
lenges faced during its development and some opportunities for its future.

As already mentioned, building A11YFExamples has been deemed neces-
sary in order to successfully develop and implement both the ARIA-Service
JavaScript library, and the proposed methodology to let developers test
and evaluate the accessibility of their code by relying on concepts they are
already familiar with. The functional and non-functional requirements that

should be satisfied by this repository naturally arise from the ratio behind its
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creation. While the two driving factors for the A11YFzamples implementa-
tion may seem different, they indeed have a lot of characteristics in common.
Therefore, it has been decided to develop a single artifact to satisfy both
use cases. To describe such requirements it is better to start considering the
ones arising by the fact that the A11YFEzamples repository has been cre-
ated to support the development and implementation of the ARIA-Service

JavaScript library.

As described in Section [1.4.2] ARIA-Service is a JavaScript library that
can be leveraged by developers to provide the necessary support for keyboard
interactions that is expected in cases where certain widgets are implemented
leveraging the WAT-ARTA| specification. While it is the developer’s responsi-
bility to implement these dynamic keyboard navigation behaviors, developing
robust implementations to provide assistive technology users the same expe-
rience they would have if using its native widget counterparts is not trivial,
can be prone to errors, and is often overlooked. In contrast, as illustrated
in Section ARIA-Service provides the ability to implement these be-
haviors by embedding the library in any web project. Building the code to
implement all the expected behaviors contained in ARIA-Service, though,
was a challenging task and could not be done without a repository of possible
widgets that should be supported. Therefore, it has been decided to intro-
duce in the A11YFzramples repository at least one example for each widget
that can be implemented leveraging the[WAT-ARTA|specification and requires
custom JavaScript to be written in order to support keyboard navigation

interactions.

Therefore, with this consideration in mind, it has been decided to cre-
ate an example for each role included in the specification whose
semantics represent a widget for which custom keyboard navigation interac-
tions have to be implemented using JavaScript. A great source of inspi-
ration for creating these examples have been very useful resources such as
the [Wor22al and similar educational resources, which in general pro-

vide practical code examples “ready to use” for implementing such behaviors;



5.5 Implementing Al11YExamples 151

however, it has always been necessary to edit such code before integrating

those examples in the repository for different reasons:

e to fix bugs that were present in the provided code;

e to make the provided implementations complete, to closely match their

native equivalents;

e to “modernize” the provided code by leveraging more recent JavaScript

features and constructs to make it more maintainable;

e to remove unnecessary verbosity introduced in the code for educational

purposes only;

e to simplify the provided code, to get so-called |[Minimal Working Ezxam-|

[les (MWE}

As it was necessary to compareWAI-ARIA|widgets with their native HTML

equivalents, another requirement used in the development of A11YFEzamples
immediately arises: whenever an element equivalent to an
role is available, an example using that element should be created as well.
This allowed to immediately compare both the native version and the
widget, so that the user experience could be reproduced very closely.

To expand the A11YFEzamples repository to contain other useful examples,
whenever multiple techniques were available to implement the same widget
(for instance, think of the necessary markup to implement a control using
the rowing tabindex technique or the aria-activedescendant variant), an
example for each technique has been created.

At this point, in which A11YFEzramples already contained the necessary
examples to develop and implement the ARIA-Service JavaScript library,
making it suitable for the development of the proposed innovative accessi-
bility testing and evaluation methodology proposed in the research project

documented in this PhD thesis only became a matter of expanding it. In
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fact, all the examples could benefit the creation of the [SAHARIAN| browser ex-
tension as they were, and only adding more of them was necessary to make

it more complete and robust.

The first addition to the repository was very straightforward, and natu-
rally arose from the structure of the specification itself and the
final purpose of the browser extension. In fact, 1.1
contains some attributes (so-called global attributes) that can be applied to
any element independently of its role or native semantics; different
examples to cover these attributes and their possible values have therefore
been created. Furthermore, as the purpose of is to map accessibil-
ity issues on concepts that developers are already familiar with, the second
criteria for the expansion of the A11YFEzamples repository was to provide
variations of all the examples created, in which predictable and known in
advance accessibility issues were introduced. This allowed the creation of a
very high number of examples to test the browser extension and
actually develop the wvisual rendering techniques used to represent widgets
and reflect accessibility issues found in web pages. Similarly, introducing
various examples in which keyboard navigation was broken in controlled and
expected ways allowed the development of the complex system to map mouse
operability (i.e. the operations typically used by non-disabled developers to
test websites and applications with a mouse) to keyboard operability (the
equivalent keyboard actions used in and the methodology behind
it).

Figure[p.9and Fig. shows various implementations of the same check-
box with different accessibility degrees (on the left), and the code fragments
necessary to implement them (on the right). As it can be easily noticed,
even if the code implementing the various checkboxes is very different, they
all look the same: this is made possible by means of the stylesheet shown in
Listing in Appendix [E] Analogous stylesheets have been developed for all
examples, as they inspired how the browser extension renders each

element when replacing the visual rendering of the page being evaluated.
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Checkbox examples

-

1M
-

degrees, i

both by using both native HTML Elements and the WAI-ARIA

Here you can find different checkbox with various
specification.

HTML checkbox
This checkbox implementation leverages native HTML elements.

[J 1'am not a robot

CORRE!
<label>

<input type="checkbox">
I am not a robot

</label>

Correct ARIA checkbox

This is a correct checkbox implementation that uses attributes from the WAI-ARIA specification.

I'am not a robot
CORRE i .
<span id="chk1" role="checkbox" aria-checked="false"
‘tabindex= class="checkbox">I am not a robot</span>
<script>

new class {
constructor(elementID) {

const element = document.getElementById(elementID)
element. addEventListener('blur', this.onBlur)
element.addEventListener('focus', this.onFocus)
element.addEventListener('click’, this.onClick)
element. addEventListener('keydown', this.onKeyDown)
this.element = element

this.enabled = false

onBlur(event) {
event. target. classList.remove('focus')

onFocus(event) {
event. target.classList.add( ' focus')

onClick = event => {
if (Ithis.hasModifiers(event)) {
this. toggle()

}

onKeyDown = event => {
if (this.hasModifiers(event)) {
return // nothing to do

switch (event.key) {
case 'Spacebar':
case 'Enter’':
this. toggle()
default:
return // nothing to do

event. stopPropagation()
event. preventDefault()

toggle() {
if (this.enabled) {
this.disable()

else {
this.enable()

this.element.classList.add('focus')
this.element.focus()

}

disable() {
this.element.classList.remove(" checked"')
this.enabled = false
this.element.setAttribute('aria-checked', 'false')

}

enable() {
this.element.classList.add(" checked')
this.enabled = true
this.element.setAttribute('aria-checked', 'true')

}

hastlodifiers(event) {
return event.altKey
|| event.ctrlkey

|| event.metakey
|| event.shiftkey

}

}('chk1')
</script>

Figure 5.9: A screenshot showing the same accessible checkbox implemented

with various HTML| elements (on the left) and their code (on the right)
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Checkbox with no keyboard support

This i a checkbox implementation that does not provide the expected keyboard support. Notably:

« itis not keyboard focusable;
« pressing the spacebar or the enter key won't toggle its state when focused,

I am not a robot
INCORRECT
<span id="chk2" role="checkbox" aria-checked="false"

class="checkbox">I am not a robot</span>
<script>
new class {
constructor(elementID) {

const element = document.getElementById(elementID)
element.addEventListener(*blur’, this.onslur)
element.addEventListener('focus’, this.onFocus)
element.addEventListener(*click’, this.onClick)
this.element = element
this.enabled = false

}

onBlur(event) {
event.target.classList.remove( focus')

}

onFocus(event) {
event. target. classList.add( " focus')

onClick = event => {
if (Ithis.hasModifiers(event)) {
this. toggle()
}
¥

toggle() {
if (this.enabled) {
this.disable()

else {
this.enable()

¥
this.element.classList.add(" focus")
this.element.focus()

disable() {
this.element.classList.remove('checked')
this.enabled = false
this.element.setAttribute( aria-checked’, 'false')

enable() {
this.element.classList.add(’ checked')
this.enabled = true
this.element.setAttribute(’aria-checked’, 'true')

hasModifiers(event) {
return event.altKey
|| event.ctrlkey
|| event.metakey
|| event.shiftkey

}

}(*chk2*)
</script>

Figure 5.10: A screenshot showing the same checkbox with various accessi-

elements (on the left) and their

bility issues implemented with different

code (on the right)
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More specifically, Fig. and Fig. show:

a checkbox implemented using native HTML| elements;

a checkbox implemented using generic span HTML| element, made ac-
cessible by leveraging the specification;

e a checkbox in which the WAT-ARTA] attributes are used properly, but

no keyboard navigation support is provided;

e a checkbox in which state updates are not conveyed properly (i.e. they
are exposed using the aria-selected attribute instead of the appro-

priate aria-checked one);

e a checkbox implemented with a generic span HTML|element in which no

accessibility support is provided at all.

One may reasonably wonder the reason why it has been necessary to apply
a stylesheet to make all these examples look the same. The answer is that,
during the development of [SAHARIAN| this made it easier to immediately and
clearly know whether the extension was testing the right thing appropriately.
In fact, by activating the extension on the page containing these examples,
the issues they exhibit should become obvious.

Finally, it is worth noting the presence of the code generating each element,
which is shown side-by-side to the widget it generates. This feature has been
implemented by means of a fragment of JavaScript code which is injected
in each web page of the repository. Other than to simplify the development
and testing of the browser extension, this feature may also be
useful in the future if A11YFEzamples is used as an educational resource
on web accessibility; in fact, as it contains various possible examples, it
could clearly illustrate best practices (accessible examples), bad practices
(inaccessible examples), and various possible problems in the middle (i.e.

examples with accessibility issues).
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5.6 Implementing A11YVT and the SCA MP method-
ology

As discussed in Section [3.3] digital technologies have a huge potential
when it comes to improving the accessibility of indoor environments and
physical objects. This is a very wide topic, and therefore the most disparate
implementations are possible; the second part of the research project docu-
mented in this PhD thesis focused on contributing to this field by:

e designing and implementing the prototype of [AI1YV']] a system to
provide accessible virtual tours of indoor environments for blind and

visually impaired people (for instance, by fully supporting their re-
quirements to explore environments they are not familiar with) while

providing all the features commonly expected by their sighted peers;

e developing and implementing a methodology to make physical, tangible
scientific artifacts with a high historical value more accessible both for

blind and visually impaired people and the general public.

In this section some interesting technical details about the implementa-
tion process of these contributions will be discussed, illustrating some chal-
lenges faced and how they have been dealt with thanks to a combination of

careful design decisions and development strategies.

5.6.1 Implementing A11YVT

As discussed in Section part of the research project documented in
this PhD thesis involved providing an approach to make indoor environments
more accessible by means of digital technologies. More specifically, the ability
of exploiting wvirtual tours for this purpose has been explored. Consisting
of simulations of existing locations composed of a sequence of videos, still
images or 360-degree images and other multimedia elements such as sound

effects, music, narration, text and floor maps, virtual tours can have a huge
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potential to improve the accessibility of indoor environments for blind and
visually impaired people, yet at the same time bring up many accessibility
challenges. These considerations have been essential for the development of
as it is a system to support the creation of virtual tours that are
both accessible for blind and visually impaired people (providing the features
they need, with a particular focus on the ones they need for exploring indoor
environments they are not already familiar with) along with the ones that
are commonly expected from such tools by their sighted peers. In this section
some technical details on how a prototype of this system has been developed
will be discussed.

Two essential requirements for the development of the prototype

influenced many implementation decisions:

e the system couldn’t require any specific hardware (such as virtual re-

ality headsets) or software to be installed on the user’s device;

e taking tours through |[A11Y V'] would not require the user to download

any software, or go through any complex configuration process.

Considering these requirements, the obvious decision that immediately came
to mind was to leverage web technologies to implement [A11Y V'] as they
easily satisfy the non-functional requirements described before while allowing

the creation of a sophisticated system to satisfy the functional ones.

AT1YV'T]is made of two main components:

e the backend, which is implemented in JavaScript on top of node.JS.
It is responsible for handling the building data representation used to
extract all the information needed for the tour when they are necessarys;

and

e the frontend, undoubtedly the most interesting component from an
accessibility standpoint. It is responsible for actually enabling the user
to take the tour: for blind and visually impaired people, it allows them

to explore the indoor environments while relying on the features they
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need to explore environments they are not familiar with; at the same
time, it should provide an engaging experience for their sighted peers by
providing all the features they commonly expect from such a tool. This
effectively enables the creation of accessible virtual tours in a universal

design fashion.

Other than the technologies usually involved in this kind of project (e.g. the
[Node Package Manager (NPM)| [NPM22] for managing dependencies, HTML] and

CS8)), noteworthy web technologies leveraged for implementing the [A11YV'T
prototype include the[JavaScript Object Notation (JSON)|data format [Bral§]

to store all information about indoor environments that is necessary for the
creation of accessible virtual tours (i.e. content and the structure of the
experience), and the ThreeJS [Mrd22| library, which is used to create an in-
teractive 3D web environment based on the WebGL[API|to actually implement
the tour.

More specifically, the prototype consists of an HTML web page
in which a canvas tag dynamically occupies the entire space of the window.
Within the tag, a three-dimensional environment is rendered in real-time
using the ThreelJS library and custom utilities. The environment consists
of a camera placed inside a cube; each inner face of the cube is a fragment
of the represented indoor environment, so that their combination make up
a 360-degree image of it. The camera can rotate around a central point to
which it is anchored, allowing the view to be changed using the mouse or
a keyboard: this is the key to the interactivity of the tour, and one of the
factors that allow both blind and visually impaired people and their sighted
peers to get exactly the features they need. Figure [5.11|shows how a user can
see the virtual tour of an indoor environment (on the left), and highlights
the cubes and the related code (on the right) to better illustrate how
the described mechanism works.

In the model, points of interest are located in the positions corresponding
to the ones that the corresponding numbers would occupy in a clock-face

observed from the focus point. Each point can contain nothing (i.e. no
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Figure 5.11: A screenshot capturing a virtual tour frame with two points of

interest in [A11YVT| with cubes highlighted for clarity (on the left) and the
related HTML code (on the right).

relevant information), specific information (with no assumptions on its type,
as it depends on the environment being represented), or links to other points.
In the example shown in Fig. [5.11] the focal point at 1 describes some details
about the environment. By clicking on the arrow on the right, the camera
moves to the cube at two o’clock. This focus point is not linked to any
information, so nothing is shown on the screen. Clicking the right arrow
again, the camera moves to frame the cube at three o’clock. As for the focus

point 1, this focal point contains information that is displayed on the screen.

Consequently, each point is related to each other in the form of a circular
container within the web page and designed to appear on a specific point of
the 360-degrees image, so that it gets split in twelve parts (the maximum
number of points in a clock). A trigonometric function is used to calculate
the angle of the camera view of the displayed environment (and the size and
ratio of the web page) in order to render the container’s perspective at the

required point (or to make it invisible if it is not displayed by the camera).

Given these characteristics, making virtual tours accessible for blind and



160 5. Implementing the research project

visually impaired people only becomes a matter of providing appropriate
keyboard navigation making[ATTYVT|automatically announce point changes
(reading the associated information) to any screen reader. The user can press
the right or left arrow to move right or left in the clock, respectively. When
this happens, makes the screen reader announce the landmark (by
updating an live region) that the user could reach moving forward
in the direction indicated by clock navigation. Pressing the up arrow will
then change the focus point as if the user moved to that point in the real
environment being represented. From that point, by pressing the down arrow,
the user can go back to the previous landmark; otherwise, the whole process
can be iterated to keep exploring the environment. Other keyboard shortcuts
are provided to explore the environment along the third dimension (currently
limited to three possible levels, as described in Section , to get back to
the previous point in the clock direction, or to get an overview of all points
(with their corresponding location in the clock navigation system) around the
current focus point. It is argued that this process captures the essence of the
way in which blind and visually impaired people explore indoor environments

they are not already familiar with.

Virtual tours in[A11Y V'l|can be customized in various aspects, including:
e The number and position of information points;
e The contents of the information points and their types;

e The possibility of inserting two-dimensional or three-dimensional ob-

jects (deciding whether they occupy two or all three height layers);

e The movement speed of the camera, the [Field of View (FOV)| bright-

ness and contrast of the environment.

The data model has been carefully crafted to support all these customiza-

tions.
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5.6.2 Implementing the SCAMP methodology

As part of the research project documented in this PhD thesis, the[SCAMP]
methodology to make scientific, manipulable artifacts with a high historical
value accessible again both to blind and visually impaired people and the
general public has been proposed. While this methodology heavily relies
upon digital technologies to achieve its goal, it also puts a very strong fo-
cus on preserving the physical nature of such object and their interactivity.
Such methodology consists in a theoretical and practical modelling process
involving the usage of multimedia technologies to enhance the specificities of
modelled objects. In this section, the application of the proposed process to
the Brendel model of Phaseolus vulgaris Linn. shown in Fig. (which as
explained in Section shows the early phases of the germination process
of a bean plant) to demonstrate its feasibility will be discussed, illustrating
the challenges faced in the process and the lessons learned to make it more
scalable for future applications to other Brendel models and in general to

other scientific, manipulable artifacts with a high historical value.

The first step in the proposed methodology is the model recreation phase,
in which a digital 3D model of the physical object that the process is applied
to needs to be created. As discussed in Section [£.5.2] this can be done
either by means of a $D-scanner or photogrammetry based techniques. As a
3D scanning system is more expensive, requires highly specialized hardware
and having specific knowledge to use it effectively, it has been decided to
experiment with the latter approach. In general, to get a 3D-model of an
object photogrammetry based techniques rely on specialized camera systems
to acquire multiple photographs of the object from various angles, so that
they can be combined through specialized software to reconstruct its three-
dimensional representation. However, the properties of these systems can
be obtained also by means of less traditional approaches that provide the
noteworthy advantage of not requiring specialized hardware, thus having
reduced costs. In this case, a high resolution camera system equipped on a

smartphone (which was put on a tripod to capture stabilized images), has
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been used. Several trial and error attempts were necessary to establish the
most appropriate light conditions to take pictures in order to get the best
possible results.

Unfortunately, evidence showed that a camera system equipped on a
smartphone mounted on a tripod cannot yield the same results that a sys-
tem specifically designed for photogrammetry would; it was clear there were
several variables that could not be controlled easily during the images ac-
quisition process. In particular, the most important one that influenced the
final result was the rotation angle from each picture to the next one. More
traditional approaches to photogrammetry require very strict rules to be fol-
lowed in order to get high quality results out of it, but less traditional ones
can only get close enough to following those rules due to technical limitations
of the tools being leveraged. However, such limitations can be compensated
by applying image post-processing techniques, and further refining the final
result within a 3D modelling software. As this step was already necessary
to apply several optimizations to get the best possible result from the 3D
printing process (such as adding the necessary supports), this did not bring
up any particular complications to the general process.

3D printing is a critical step in the proposed methodology to make sci-
entific, manipulable artifacts with a high historical value accessible again, as
it is responsible for actually producing the tangible artifacts that power the
whole experience designed around them. Several adjustments to get the best

possible 3D prints have been applied; among others, these include:

e choosing the most appropriate print resolution, to find a balance in
between being high enough for physical details of the original object
to be reflected, yet not too costly in terms of time and money to be
unaffordable on a larger scale basis (the higher the print resolution is,

the longer the process takes);

e picking the right materials, so that they are both suitable for 3D-
printing while allowing the printed artifact to produce as much as pos-

sible the tactile feelings you would experience by touching the original
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Figure 5.12: Artifact obtained by applying the model recreation phase to the

Brendel model of Phaseolus vulgaris Linn.

object;

e ensuring the accuracy of the 3D-printer used, so that it could reflect
fine details of the model being printed while minimizing the number of

printing artifacts introduced in the process.

Special attention has been paid in reproducing tactile feelings; while some-
times fine-tuning the 3D printing process was enough to achieve the goal, re-
ality showed that in some circumstances using more handcrafting techniques
(such as adding details made by hand using different materials) might be nec-
essary. The final artifact obtained by applying the model recreation phase
to the Brendel model of Phaseolus vulgaris Linn. can be seen in Fig. [5.12]
After the model recreation phase, the proposed methodology to make
scientific, manipulable objects accessible again involves the design of a mul-
timodal user experience that enhances the values embodied by those artifacts
and exploits the characteristics of the recreated model. In case of the Brendel
model of Phaseolus vulgaris Linn. the complete user experience arose from
the consideration that the original Brendel model is made by two different
parts: the first one illustrates the cotyledons, while the second one the leaves
that germinate a few days after planting the seed. The cotyledons play a
significant role in the bean germination process, supplying the nutrition a

plant embryo needs to germinateﬂ

“For further information on the process, see the definition of cotyledon available at
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A short, one-minute video to illustrate the whole bean germination pro-
cess has been created. While images show how the seed transforms into a
plant, storytelling has been used to narrate the process; this information has
been added to the video (by means of a voice-over audio track), along with
some background music and audio effects to make it more interesting. In
order for it to be fully accessible, though, the text of the voice-over track
has been added as an optional captions track available on demand; it was
not necessary to provide an audio-description, as in this case the voice-over
already fulfilled all the needs of blind and visually impaired people.

In order to preserve the interactivity of the original bean germination
model, the multimedia content encourages the user to manipulate and touch
the artifact. Therefore, several calls to actions have been implemented. The
first one invites the user to get closer to the model, suggesting that she/he

can interact with it; this is achieved by:

Led pulsing. Different light-emitting diode (LED)|lamps have been installed,

and they pulse faster as the user get closer to the artifact;

Background sounds. Some speakers (that have not been put in the ar-
tifact, but close to it) play an audio track containing different pre-
recorded nature sounds; sound volume gets louder as the user gets

closer to the model.

At this point, the user is expected to move the artifact from its position,
and tactile and visual cues indicate where it should be put. This ensures
the user has had at least a chance to touch and manipulate the artifact; as
different sensors have been installed both in the artifact and its surroundings,
the system can also provide explicit feedback if the user does not understand
what to do from the given cues.

When the user moves the artifact, video playback starts; whenever it
comes to points illustrating characteristics represented by the model, it pauses

and invites the user to touch and explore the specific part involved at that

https://www.britannica.com/science/cotyledon-plant-anatomy.
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moment of the storytelling. Once again, this call to action is provided by
means of audio (using the voice-over in the video), and visual cues:
lamps indicating the parts to be touched gets turned on, and a stop-motion
picture in the video shows that exact same point. Capacitive sensors have
been installed in these points of interest as well; this allows the system to
understand when the user has explored the indicated point. When this hap-
pens, lamps get turned off, and video playback resumes until the next
call to action. This loop gets repeated until the video eventually finishes;
the user is then invited to reposition the artifact where he found it initially,
and accompanied in moving away from the installation by the same initial

led pulsing and background music fading out.

In order to implement the described user experience, different capaci-
tive sensors and a microcontroller have been installed within the artifact;
while evaluating such products available on the market, it was clear that
the requirement for their custom design must be kept into account during
any application of the methodology. In case of the Brendel model of Phase-
olus vulgaris Linn. on which the methodology has been experimented, for
instance, it has been chosen to design custom-made capacitive sensors to
avoid altering the visual appearance of the artifact and, most of all, leverage
only materials that would be extraneous to the tactile feelings you would
experience by touching the original object. In such a project it is clear that
electronic components size matters as well; therefore, it has been decided

to integrate an Arduino Nano, the smallest microcontroller available on the

market for [do it yourself (DIY)| prototyping purposes. To make the experi-

ence possible, very small lamps and ultrasonic sensors used to measure
the user distance from the artifact have also been added: as these sensors
often have to be placed within the artifact obtained from the model recre-
ation phase, it is fundamental to account for their presence while creating
the 3D-model.

To apply the proposed methodology to the Brendel model of Phaseolus

vulgaris Linn. an additional central processing unit was necessary; while
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this requirement may probably arise in most applications of such method-
ology, its design and architecture have not been strongly characterized from
a theoretical point of view as its implementation may be actually different
on a case-by-case basis to better suit specific requirements. In case of the
experience designed for the Brendel model of Phaseolus vulgaris Linn. its
main responsibility is to receive the information transmitted by the micro-
controller, and play multimedia content (both audio and video, by means
of a screen and a speaker system connected to it). Once available, though,
such a unit can be used to enrich the experiences created with the proposed
methodology: in the described implementation, for instance, it is exploited
in order to make the final experience much more immersive. Background
nature sounds played at the beginning and the end of the experience were
determined according to the local weather conditions: if it is sunny you can
hear birds tweeting and the typical sounds of a quiet grass in a spring day,
while if it is rainy you get to hear the typical sounds of an area within a storm;
intermediate conditions were kept into account as well. Weather information
was retrieved by means of additional sensors suitable for that specific purpose
and connected to the central unit.

The software application that powers the experience was implemented on
top of a client-server architecture organized around a message passing system
(with communications happening via sockets on a local network, to achieve
the lowest possible latency). Specific tricks (such as the logic to determine
whether a distance measurement is accurate) were adopted to make various
readings from sensors stable and precise (e.g. to avoid considering spurious

readings), and make the system resilient to various types of errors.



Chapter 6
Evaluating the research project

Having discussed the theoretical foundations of the research project docu-
mented in this PhD thesis, as well as the purposes of the created artifacts and
the relevant decisions behind their design and implementation, in this chap-
ter the ways in which those artifacts have been evaluated will be discussed.
All results obtained in the process will be explained in light of determining
whether the created products (the AX framework, the browser ex-
tension, the A11A website, the methodology to make scientific, manipulable
object with a high historical value accessible again, the ARIA-Service
JavaScript library, and the for virtual tours) are effective towards
the goal they have been created for, and can be used efficiently by their

intended audience.

6.1 The evaluation process

As illustrated in Chapter [4] the research project can be divided in two
distinct, yet related parts. In the first part, an integrated approach to make
web accessibility more accessible is proposed; this approach is threefold, as it

aims to achieve three goals:

e Making the development of accessible websites and applications more
accessible, by providing the AX framework described in Section be-
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ing implemented as a declarative framework of web components, its
main purpose is to provide a mechanism in which accessible markup is
generated by default with no significant efforts required by web devel-

opers.

e Making accessibility testing and evaluation more accessible. This is
achieved by proposing a methodology that relies on concepts that web
developers are already familiar with to communicate them accessibility
issues in their code, and letting them directly perceive their impact on
people with disabilities. This methodology has been implemented in
the browser extension described in Section .2

e Making accessibility-related resources more accessible. This is achieved
by creating the A11A website described in Section [5.3} a categorized,
structured repository of accessibility-related resources of various types
and covering a wide variety of topics. The main purpose of A11A is
to make these resources more easily discoverable and easier to use by
letting developers easily understand in which context they should be
leveraged, and grasp the big picture behind them without having to

perform difficult, long-lasting thorough researches.

Having these goals clear in mind has been fundamental in determining
how the artifacts proposed as part of the research project documented by this
PhD thesis should be evaluated. In particular, analyzing their target and the
ratio behind them, has been dramatically useful in determining some metrics
that could be leveraged to assess whether they effectively satisfy the goals
for which they have been specifically developed.

First off, all the artifacts produced as part of the research project doc-
umented in this PhD thesis have been considered for user evaluation. As
clearly illustrated in Section this project can be divided in two distinct,
yet related parts. In the first one, different artifacts to make web accessibil-
ity more accessible have been produced; these include the AX framework (a

declarative framework that generates accessible markup for elements com-
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monly found in websites and applications, thus allowing the development of
websites and applications that are accessible by default without additional
efforts by the developer), the [SAHARIAN| browser extension (which implements
the proposed innovative accessibility testing and evaluation methodology that
maps accessibility-related concepts on concepts that developers are already
familiar with, thus letting them directly perceive accessibility issues in their
code and their impact on people with disabilities), and the alla repository
(which consists of a website to collect and classify accessibility-related re-
sources to let stakeholders finding and using them more easily). Instead, the
second part focused on applying digital technologies to make indoor environ-
ments and scientific, manipulable artifacts with a high historical value more
accessible by means of the and the methodology, respec-
tively; prototype implementations for both to demonstrate their feasibility

have been developed as well.

Given the nature, the characteristics and different intended audience of
all the produced artifacts, it was clear that a specific test for each of them
was necessary; in deed, getting useful insights on all these artifacts required
evaluating different metrics, and consequently the design of a specific test
for each of them has been deemed necessary. Speaking of metrics, though,
a common pattern clearly emerged from the early considerations behind the
testing phase and influenced the structure of the evaluation process: ar-
tifacts produced to make web accessibility more accessible (the AX frame-
work, the browser extension, the alla website, the ARIA-Service
JavaScript library, and can be evaluated both from an objective
(i.e. in terms of their effectiveness) and subjective (i.e. in terms of user’s
perceptions about their usage) point of view; instead, evaluating the pro-
totypes implemented to prove the feasibility of and the [SCAMP]
methodology from an objective point of view was not possible. Therefore,
the first have been evaluated leveraging both objective and subjective met-
rics; the latter, though, have been evaluated only from a subjective point

of view. The repository of accessibility examples described in Section [5.5
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which played a significant role in developing both the browser ex-
tension (and the accessibility testing and evaluation methodology behind it)
and ARIA-Service has been intentionally excluded from a thorough testing
and evaluation process, as it has not been deemed worthwhile assessing its
(in)completeness and effectiveness: in deed, it has been developed only as
an artifact functional to others, and it has not been thought as a user-facing

product since its early design.

Analyzing the purposes of all artifacts for which objective metrics can be
evaluated, as well as their nature and characteristics, an interesting pattern
can be highlighted; in deed, each artifact can be truly evaluated by con-
sidering two different scenarios: one in which only the current status quo is
considered, and the other in which the evaluated artifact is involved. By eval-
uating the same metrics in both scenarios and comparing the obtained results,
provided that preliminary testing conditions are met (such as involving the
same user target segment in the test and comparing the creation of the same
website or application both with and without the artifact under evaluation),
the usability testing process can also provide quantitative and qualitative
measurements to assess whether the artifacts allow to effectively improve the
current situation with web accessibility by enabling developers to produce
content that is more accessible. Applying the same consideration to subjec-
tive metrics as well, and therefore adding user perceptions to the equation,
this comparative analysis made it possible to demonstrate whether the pro-
posed artifacts (thus the approach behind the research project documented
in this PhD thesis) can effectively provide a strategy and the necessary tools

to make web accessibility more accessible.

Another important consideration about the evaluation of the proposed
tools to make web accessibility more accessible needs to be made, as it in-
fluenced the whole evaluation process. Given the extensive set of features
of the proposed tools, as well as their very broad support for many differ-
ent usage scenarios and wide variety of requirements (possibly by different

stakeholders) that they satisfy (for instance, think of all elements supported
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by the browser extension, or the components provided by the AX
framework), providing full coverage through usability tests was unfeasible.
Therefore, it has been decided to employ a task based approach: instead of
evaluating the artifacts on all possible tasks in which they could be lever-
aged, a relevant one has been selected in order to perform usability testing
based on that task. Selecting a significant task for each tool among the set
of all possible ones required establishing different selection criteria. Such se-
lection criteria have been chosen while keeping into account different factors,

including;:

The relevancy of the task. The chosen task had to be representative both
from the point of view of the features provided by the evaluated artifact
(i.e. allowing the artifact to ezpress its potential) and the possible usage

scenarios in which the artifact could be leveraged.

The time necessary to complete the task. It is clear that the proposed
tools can be leveraged to complete task which may have a different
level of complexity, thus requiring different times to be completed. It
has been decided to choose tasks that were complex enough to effec-
tively evaluate each artifact, yet not taking too long to be completed

to guarantee the feasibility of the test.

Additionally, it should be noted that obtaining qualitative and quantita-
tive measurements for objective metrics for each tool required establishing a
specific approach on a case-by-case basis, as the AX framework, the
browser extension, the alla website, the ARIA-Service JavaScript library
and the interactive tool are very different from each one in terms of
many characteristics (type of tool, intended purpose, usage scenario, and so
on). In contrast, it has been decided to evaluate subjective metrics by relying
on user perceptions about the task: more specifically, it has been decided to
focus on measuring the perceived complexity of the task both without the
evaluated tool (the current scenario) and with it (the proposed scenario).

Such task complexity evaluation can be done by means of a questionnaire
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administered at the end of each test; other than the usual psychometric
properties of being reliable, sensitive and valid, though, it was desired such

questionnaires to be:

e short, in order to reduce the time required to fill them to the minimum;

e casy to respond to, in order to minimize the complexity of the answering

process for users;
e casy to administer, in order to facilitate the evaluation process;

e casy to score, in order to make the data analysis process as easy as

possible.

This kind of questionnaires, as well as their impact on the results of usabil-
ity evaluation tests and the most suitable scenarios in which they should
be administered, have been widely discussed in the literature; different al-
ternatives have been considered for usage in the evaluation process of the
artifacts produced as part of the research project documented in this PhD

thesis, including:

o the [After-Scenario Questionnaire (ASQ) |[Lew91] proposed by Lewis,

which can be used to quantify a rating of the ease of a task, the amount

of time the task took to complete, and the level of support received by

the user throughout the process;

o the NASA-TLX (NASA’s Task Load Index) [HS8§|, which is aimed at

measuring the mental effort required to perform a task;

o the|System Usability Scale (SUS)| [Bro96] proposed by Brooke, which is

aimed at measuring the perceived usability of a system (be it a website,

an application, or any other digital product);

o the (Usability Metric for User Ezperience (UMUX) [Finl0] by Finstad
and its “lite” variant proposed by Lewis et al. [LUM13|, aimed at being

a short qualitative assessment designed to measure the general usability

of a system.
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After carefully evaluating various questionnaires proposed in the lit-
erature, it has been decided to leverage the [UMUX| one as it respects the
four fundamental properties desired for the evaluation questionnaire out-
lined before in this section and allows to evaluate each artifact by measuring
its usability assessing effectiveness (i.e. the accuracy and completeness with
which specified users can achieve specified goals in particular environments),
efficiency (i.e. the resources expended in relation to the accuracy and com-
pleteness of goals achieved) and user’s satisfaction (i.e. the comfort and
acceptability of the work system to its users and other people affected by
its use): while reflecting three characteristics of the current situation with
web accessibility that the research project documented in this PhD thesis is

willing to improve, these three elements constitute the main components of
the definition of usability provided by the 9241 [ISO18| standard.

As mentioned before, though, it has been decided to leverage independent,
techniques to evaluate the usability of the artifacts proposed in the second
part of the research project documented in this PhD thesis. This decision
arose from the consideration that they (the prototype implementation of the
methodology to the Brendel Model of Phaseolus vulgaris Linn. and
the system that allows the creation of accessible virtual tours of in-
door environments) have very specific characteristics, and therefore required
an evaluation process crafted with these considerations in mind. However,
their evaluation process relied on a questionnaire administered to users after
performing relevant tasks involving the artifacts, so that they could experi-
ence them before providing their opinions. Such questionnaires have been
designed to focus more on user perception (thus subjective metrics) rather
than quantitative, objective measurements of their usability: the former have
been deemed more relevant to evaluate these artifacts in the actual stage of

their development process.

To conclude the analysis of the premises on which the whole evaluation
process of the artifacts produced by the research project documented in this

PhD thesis has been based upon, it is worth mentioning two additional fac-
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tors. First off, as obvious for all usability tests, a protocol has been estab-
lished to evaluate each artifact; while each artifact required a specific testing

protocol, all of them had to include at least:

A planning phase. In this fundamental phase critical decisions on the test
had to be made; these included how the artifact could be effectively
evaluated, what to test for, how to conduct the test, which metrics
could be leveraged to evaluate the artifact, and how they could be
measured. Functional and non-functional requirements that had to
be satisfied by each artifact played a significant role in this phase, as
well as its high-level goals and the reasons behind its creation. The
representative task(s) to be performed by users as part of the actual
test had to be established in this phase as well.

A recruiting phase. Due to their nature and characteristics, the artifacts
to be evaluated are targeted towards different audiences. Therefore,
it was necessary to conduct a careful recruiting process to ensure that
test participants could provide valid insights on the actual “usefulness”

and usability of each artifact.

Establishing the execution plan. Even if every attempt to minimize the
complexity of the tasks to be performed by users during the testing
phase have been made, due to their nature some of them still remain
complex for the intended audiences of the proposed artifacts to be eval-
uated: such complexity cannot be reduced under a certain threshold,
as evaluating the artifact actually encompasses measuring such per-
ceived complexity, as well as determining if it can be reduced (and in
case of a positive answer how much) by involving the evaluated artifact
in the task. Therefore, it was necessary to pay much attention to the
operative planning, establishing very practical details such as the way
in which the test had to be performed, its timing, the way in which

questionnaires had to be administered, and so on.

Secondly, to be sure to collect all possible feedback from users actually
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performing the test, it has been decided to include in the questionnaire ad-
ministered immediately after each test a free-form question in which users
could actually provide their observations on anything related to the artifact,
its testing and evaluation, and the context in which it should be used. While
being extremely easy to implement with minimal efforts, It is argued that this
very simple idea could provide useful insights that could not be anticipated

in the test planning phase.

6.2 Evaluating the AX framework, SAHARIAN and
A11A

As outlined in Section the first part of the research project docu-
mented in this PhD thesis consists of proposing an innovative approach to
make web accessibility more accessible. In particular, this goal is achieved

with a threefold approach:

e providing developers with a tool capable of enforcing the generation of

accessible markup (the AX framework);

e providing an innovative methodology for manual accessibility testing
and evaluation, in which accessibility issues are mapped to visual ap-

pearance and mouse operability, two concepts that developers are al-
ready familiar with (implemented in the SAHARIAN| browser extension);

e providing a structured, categorized repository of accessibility-related
resources to make it easier for stakeholders to find what they need,
when they need it, even if they do not know what to look for, how and
where (the A11A website).

While these tools can be naturally combined to provide an integrated ap-
proach covering many accessibility-related necessities which may arise during
the development process of any website or application, these tools have been

designed to be used independently one from each other; therefore, for the
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sake of obtaining more relevant insights, each one has been evaluated in a
different test session. In this section the evaluation process for these three

artifacts will be described, discussing the obtained results.

6.2.1 Evaluating the AX framework

As illustrated in Section [4.3.2] as part of the proposed approach to make
web accessibility more accessible, the AX declarative framework has been de-
veloped; consisting of a library of web components, the AX framework can

enforce the generation of accessible markup by:

e ensuring that all information necessary to the generation of accessible

markup is provided;

e ensuring the correctness of hierarchical relationships among the com-

ponents nested within a page;

e cnsuring that the markup generated to implement each component is

correct (accessible).

In order to perform the evaluation process of the AX framework, both
objective and subjective metrics have been leveraged as explained in Sec-
tion [6.1] Fifteen different users have been recruited for the test; of these,

eight of them classified themselves as

‘male”, seven of them as being “fe-
male”, and nobody in other possible gender classifications or not wanting
to communicate their gender at all. All of them had an age in the twenty
five-fifty years old range. All participants declared themselves as having an
intermediate level of knowledge about web development, but only basic skills
and limited experience with regard to web accessibility.

The test session took place in a room prepared for the occasion; all users
performed the test at the same time by means of their laptops, having access
to the Internet and whatever resource they see fit for the purpose of complet-
ing the proposed tasks. Special attention and various technical arrangements

have been adopted to ensure that participants could not communicate during
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the session to share insights on how to complete the tasks. Users have been

asked to complete two different tasks:

1. Provide a minimal working example of an [HTML| page containing a wid-

get to choose one out of five grades to score a film with; they could
only use HTML] |CSS| and custom JavaScript code.

2. Provide a minimal working example of an [HTML| page containing a wid-
get to choose one out of five doneness levels to cook a steak; in this
case, they could use HTML] [CSS| and custom JavaScript code, but the

components provided by the AX framework had to be leveraged.

Before the beginning of the test session, participants have been informed on
how the session would take place, illustrating the tasks they were expected
to complete and how their feedback would have been collected after the end
of each task. It was stressed enough the fact that the visual appearance
was not an element for validation, and therefore investing time in that area
was strongly discouraged. Immediately after the completion of each task,
the questionnaire was administered along with an additional free-
form question in which participants could provide whatever feedback they
deemed relevant. During the test process different objective metrics have

been measured:

The task completion rate. Only 80% of users were able to complete the
first task; all three participants which did not complete it declared
in the administered questionnaire that they did not understand how
to make sure that their code was accessible. In contrast, 100% of

participants were able to complete the second task.

The task completion time. On average, users took 32 minutes to com-
plete the first task; observations in the process revealed that most of
the time was spent navigating the Internet looking for information how
to create an accessible radio group using In contrast, on average

participants took only 18 minutes to complete the second task; even if
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they had to learn how to use the AX framework, data show a 43.75%

task completion time reduction on average.

The accessibility of the produced artifacts. At the end of the first task,

only four participants were able to produce an artifact conforming to
the given specification that did not exhibit any accessibility issue. The
remaining ones who completed the task produced an artifact conform-
ing to the given specification, but it contained at least an accessibility
issue (on average, though, more than one of them was present). Such
issues were related to the markup, as well as its visual appearance

(especially to color contrast and font sizing).

The scores. The standard [UMUX]questionnaire was administered

immediately after the end of each task. The two tasks reported pretty
different scores: in fact, if the first one only got a 35 score on average,
the second (involving the AX framework) got an impressive 91 score
on average. The most significant difference among answers in the two
questionnaires was for question ¢o: users found the creation of accessible
markup by means of the AX framework significantly less frustrating
than native Other questions confirmed the same trend even if

accounting for minor differences in the data comparison.

Analyzing the obtained data, it can be safely concluded that the AX frame-

work provides a far superior user experience when it comes to creating ac-

cessible markup; combining this with the consideration that by definition

the markup generated by the framework is completely accessible, it can be

concluded that it contributes to making web accessibility more accessible by
enabling developers to build applications and websites that are accessible

by default with significantly reduced efforts when compared with the more

traditional approach.
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6.2.2 Evaluating [SAHARIAN

As illustrated in Section [4.3.1} as part of the proposed approach to make
web accessibility more accessible, an innovative methodology to perform man-
ual accessibility testing and evaluation; key to the methodology is the fact
that, unlike more traditional ones, it maps accessibility issues on concepts
that developers are already familiar with. In this way, the visual render-
ing of the page and its mouse operability reflect can be made to reflect the
accessibility-related information conveyed by that page to assistive technolo-
gies and the experience that a user could get if using keyboard navigation,
respectively. As described in Section this methodology has been imple-
mented in the browser extension available for Google Chrome.

In order to perform the evaluation process of the[SAHARTAN| browser exten-
sion, both objective and subjective metrics have been leveraged as explained
in Section [6.1] Sixteen different users have been recruited for the test; of
these, eight of them classified themselves as “male”, eight of them as being
“female”, and nobody in other possible gender classifications or not wanting
to communicate their gender at all. All of them had an age in the twenty
five-fifty years old range. All participants declared themselves as having an
intermediate level of knowledge about web development, but only basic skills
and limited experience about web accessibility. However, they had basic fa-
miliarity with accessibility testing tools, and knew how to use at least one of
them.

The test session took place in a room prepared for the occasion; all users
performed the test at the same time by means of their laptops, having ac-
cess to the Internet and whatever resource they would see fit for the purpose
of completing the proposed tasks. Special attention and various technical
arrangements have been adopted to ensure that participants could not com-

municate during the session to share insights on how to complete the tasks.

An example web page, with known accessibility issues, has been set up

for the testing process. In particular, it is based on the popular Accessibil-
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ity University Demo Sitdl] made available by the University of Washington,

which has been processed to:

e remove all features currently not supported by [SAHARIAN| in particular
those related to video playback;

e obtain two separate, orthogonal versions of the page to divide the time

required to identify all accessibility issues present in the page.

Let inaccessible.html and accessible.html be the inaccessible ver-
sion of the Accessible University Demo Site and its accessible counterpart,
respectively. Two pages. Let a.html and b.html be the two pages actu-
ally used in the testing process. After performing the described processing,
a.html contains inaccessible versions of structure and form elements, and
accessible versions of carousel and paragraphs. Vice-versa, b.html has in-
accessible versions of carousel and paragraphs, and accessible versions of
structure and form elements. Testers of type AB received a.html first, and
were asked to identify its accessibility issues in the way they would see fit
(even using an accessibility evaluation tool they were familiar with). They
then received b.html and were asked to complete the same task leveraging
The contrary is true for testers of type BA: they received b.html
first, and were asked to identify its accessibility issues in the way they would
see fit (even using an accessibility evaluation tool they were familiar with).
They then received a.html and were asked to complete the same task lever-
aging [SAHARIAN| Therefore, the problems identified by testers of type AB on
a.html are orthogonal to issues identified by testers of type BA on b.html
without and problems identified by testers of type AB on b.html
are orthogonal to issues identified by testers of type BA on a.html with
SAHARIA

After splitting randomly the participants in two groups with eight mem-

bers each, they were assigned to the type AB or BA and asked to evaluate

!The inaccessible version of the page is available at https://www.washington.edu/
accesscomputing/AU/before.html, whereas its accessible counterpart is available at

https://wuw.washington.edu/accesscomputing/AU/after.html.
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the accessibility of the two pages with and without leveraging the [SAHARTAN|
browser extension, respectively. Before the beginning of the test session, par-
ticipants have been informed on how the session would take place, explaining
the tasks they were expected to complete and how their feedback would have
been collected after the end of each task. After the completion of each task,
the [UMUX]| questionnaire was administered along with an additional free-
form question in which participants could provide whatever feedback they
deemed relevant. During the test process different objective metrics have

been measured:

The task completion rate. 100% of users were able to complete both pro-

posed tasks.

The task completion time. On average, users took 21 minutes to com-
plete the first task; observations in the process revealed that most of
the time was spent leveraging the accessibility testing and evaluation
tool interface. In contrast, on average participants took only 16 min-
utes to complete the second task; data show a 23.81% task completion

time reduction on average.

The identified accessibility issues. In all cases, participants were able

to successfully identify all accessibility issues present in the proposed

pages.

The scores. The standard [UMUX]questionnaire was administered
immediately after the end of each task. The two tasks reported pretty
different scores: in fact, if the first one only got a 22.6 score on av-
erage, the second (involving the browser extension) got an
impressive 87.3 score on average. Similarly to what happened for the
AX framework, the most significant difference among answers in the two
questionnaires was for question go: users found the browser
extension significantly less frustrating than whatever strategy and tool
to perform accessibility testing and evaluation they were already famil-

iar with. Significantly different answers emerge for the question g3, as
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participants found [SAHARIAN| easier to use than the strategy/tool they
already knew and use for the same purpose. The remaining questions

only confirmed the same trend.

Analyzing the obtained data, it can be safely concluded that the[SAHARIAN|
browser extension (thus the methodology behind it) provides a far superior
user experience while performing manual accessibility testing and evaluation
of web pages and applications. Combining these results with the quantitative
measurements, it can be concluded that contributes to making
web accessibility more accessible by reducing the complexity of accessibility

testing and evaluation.

6.2.3 Evaluating the A11A website

As illustrated in Section part of the proposed approach to make
web accessibility more accessible documented in this PhD thesis consists of
making existing accessibility resources much more accessible for people who
are not accessibility experts. This is achieved by creating A11A, a website
that can be thought as a sort of accessibility wiki to collect all accessibility
resources available on the Internet. In order to facilitate their discovery, such
resources are classified on the website according to different criteria; specific
features to help developers find out additional information (related content
suggestions, content taxonomies, an internal search engine, etc.) are also
provided.

In order to perform the evaluation process of the A11A website, both ob-
jective and subjective metrics have been leveraged as explained in Section
Twenty-two different users have been recruited for the test; of these, twelve
of them classified themselves as “female”, ten of them as being “male”, and
nobody in other possible gender classifications or not wanting to communi-
cate their gender at all. All of them had an age in the twenty five-fifty years
old range. All participants declared themselves as having an intermediate
level of knowledge about web development, but only basic skills and limited

experience with regard to web accessibility.
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The test session took place in a room prepared for the occasion; all users
performed the test at the same time by means of their laptops, having access
to the Internet and whatever resource they see fit for the purpose of complet-
ing the proposed tasks. Special attention and various technical arrangements
have been adopted to ensure that participants could not communicate during
the session to share insights on how to complete the tasks.

Given its characteristics and the goals for which the A11A website has
been created, the tasks selection process has been pretty difficult. After
evaluating various possible options, it has been decided to assess in advance
the knowledge, experience and competencies level of all participants regard-
ing digital accessibility by means of a brief interview administered a few days
before the session took place. The main goal of this pre-assessment process
was to ensure that all participants were not familiar at all with the specific
tasks in order to avoid any learning-effect due to their past knowledge and
experience. This allowed to carefully craft the tasks so that the efficiency, ef-
ficacy and effectiveness of A11A could be confidently assessed; in deed, it has
been deemed important to evaluate A11A on supporting developers regarding

accessibility-related tasks that involve all the following aspects:

o A significant information retrieval process, meaning that users are ex-
pected to look for accessibility-related information they do not know

already.

e A non-negligible information understanding process, meaning that par-
ticipants had to reason about the information retrieved in order to
complete the task. It would be desirable for such reasoning to involve

acquiring additional accessibility-related information to be completed.

e An information-selection process, meaning that in order to complete
the task users had to figure out what they needed among contradic-
tory information sources. While this may seem extreme, it is argued
that its one of the main strengths of A11A to mitigate such problems,

and therefore evaluating it regarding this aspect has been deemed very
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useful.
Users have been asked to complete two tasks:

e determine the most appropriate file format to distribute long-form doc-

uments in order to maximize their accessibility (task A);

e determine a strategy to embed Math formulas within web pages, in

order to guarantee their accessibility (task B).

All users involved in the test have been split randomly in two groups of eleven
members each, so that the first group (AB) could complete the former task
accessing the Internet (but not leveraging the A11A website) and the second
relying on A11A, while the second group (BA) would accomplish the two task
in the opposite order (i.e. task B without relying on A114, and task A having
access to it).

Before the beginning of the test session, participants have been informed
on how the session would take place, illustrating the tasks they were expected
to complete and how their feedback would have been collected after the
end of each task. Participants were expected to describe their findings in
a given period of time (15 minutes) about the asked question, describing
their proposed solution and the reasoning behind it in a few lines of text (no
minimum or max length have been established in advance for answers to be
considered acceptable).

Immediately after the completion of each task, the questionnaire
was administered along with an additional free-form question in which par-
ticipants could provide whatever feedback they deemed relevant. During the

test process different objective metrics have been measured:

The task completion rate. Only twelve out of twenty-two users (54, 5%)
were able to complete the assigned task without having access to A11A;
all participants which did not complete it declared in the administered

questionnaire that they faced one or a combination of these difficulties:
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e they were not able to make sense of contradictory information

they found;

e they had an idea of the best possible solution, but were not sure

if it was correct due to contradictory information they found;

e they found useful information from sources of which they could

not determine the authoritative level;

e they had troubles understanding technical information.

While numbers may suggest a relationship between the task completion
rate and the gender distribution among testers, further analysis of the
gathered data excluded it for certain. In contrast, 100% of participants

were able to complete the task in which they could rely on A11A.

The task completion time. On average, users took 22 minutes to com-
plete the task in which they did not have access to A11A; they spent
the same amount of time completing the task in which the A11A web-
site could be used. At a first glance, this demonstrated that leveraging
A11A did not reduce the time required to find a solution for the pro-
posed tasks; however, other than confirming the appropriateness of the
task selection, detailed observations in the process revealed that users
spent more time examining different related resources on A11A in con-
trast to looking for, examining and comparing unrelated content when
they could not use the website. This suggests they could have grasped a
deeper understanding of the topic. The conducted evaluation, though,
does not provide valuable data to confirm this observation (which re-
mains only a hypothesis): while it is very clear that users spent the
same time completing the task both with and without the A11A web-
site, the evaluation process was not designed to capture how users spent
that time.

The correctness of the proposed solutions. Unfortunately, only seven

out of the twelve participants (58,33% of users who answered, that



186

6. Evaluating the research project

diminishes to a 31, 81% of total users) who completed the task without
relying on A11A provided correct (acceptable) solutions for the task.
Further analysis of the data suggest that all the incorrect solutions

arose from one or more of the following:

e difficulties in understanding the big picture, i.e. understanding
all the potential issues that had to be overcome by the proposed

solutions;

e not realizing how technical resources, even if considered, could
have helped overcome the accessibility issues to be dealt with by

the proposed solutions;

e incompleteness, i.e. not considering one or more aspects critical

to the success of the proposed solution.

In contrast, twenty-one out of the twenty-two answers (95, 45%) for the
task in which users had access to the A11A website were correct. This
suggests that A11A is effective towards enabling users to understand
how to deal with accessibility issues even if they have no experience in
the specific application scenario, are complex, and require an elaborate

reasoning process to be solved.

The scores. The standard [UMUX]questionnaire was administered

immediately after the end of each task. The two tasks reported pretty
different scores: in fact, if the first one only got a 21 score on average,
the second (involving the usage of the A11A website) got an impressive
95 score on average. Significant differences can be found for all four

answers in the questionnaire:

e regarding question ¢, participants noted that in both scenarios
(both having access to A11A and not) their requirements were

satisfied accounting only for a slightly higher score towards A11A;

e question ¢y clearly shows that users found leveraging A11A much
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less frustrating than using all other resources available on the In-

ternet;

e interestingly, question ¢3 confirmed that using A11A made it much

easier for people to find the accessibility resources they needed;

e finally, question ¢4 clearly confirmed that A11A made users find
the information they needed much faster. Once again, this may
confirm the hypothesis made while discussing the task completion
rate: in fact, there is no substantial difference in the time spent
by users completing both tasks, therefore it may be assumed that
participant felt much more confident in the solution provided while
relying on A11A as they grasped a deeper understanding of the
topic (and therefore perceived the time spent as an investment

rather than a waste).

Analyzing the obtained data, it can be safely concluded that the A11A
website can be considered an extremely useful resource as it bridges a large
gap for people who are not accessibility experts, but are interested in solving
accessibility issues in their projects (even if they are not familiar with them).
Therefore, it can be concluded that it contributes to making web accessibility
more accessible as it makes it easier for developers to find accessibility-related

resources in a practical, intuitive way.

6.3 Evaluating the SCAMP methodology and
A11YVT

As illustrated in Section the second branch of the research project
documented in this PhD thesis involved leveraging digital technologies to
make indoor environments and cultural heritage more accessible by means
of A11YVT (the prototype of a system that lets blind and visually impaired

people, as well as their sighted peers, explore indoor environments by means
of accessible virtual tours), and the [SCAMP| methodology (which involves a
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combination of digital technologies, scientific and art skills to make scientific
decomposable artifacts with a high historical and educational value more
accessible), respectively. Prototypes have been created for both proposed
solutions, and therefore they have been evaluated; in this section their testing

and evaluation process will be described, discussing the obtained results.

6.3.1 Evaluating the SCAMP methodology

As described in Section [4.5.2] as part of the second branch of the research
project documented in this PhD thesis the methodology (consist-
ing in a theoretical and practical modelling process involving the usage of
multimedia technologies to enhance the specificities of modelled objects) to
make scientific, manipulable artifacts with a high historical value accessi-
ble again both to blind and visually impaired people and the general public
has been proposed. To demonstrate the practical feasibility of the
methodology, it has been applied to the Brendel model of Phaseolus vulgaris
Linn. shown in Fig. (which as explained in Section shows the early
phases of the germination process of a bean plant); in this section, the eval-
uation process of the produced experience will be described, along with the
discussion of the obtained results.

The methodology heavily relies upon digital technologies to
achieve its goal while putting a very strong focus on preserving the phys-
ical nature of such objects and their interactivity. Therefore, during the test
planning phase, it has been into account these factors to establish where and
how the artifact should be tested. After evaluating several options, it has
been established that users would Zest the whole experience as designed and
imagined, as if they were enjoying it in a real, interactive art installation.
Therefore, the testing session took place in a room specifically prepared for

the occasion by:

e installing the required central unit, along with a screen and sound

speakers, to make the system actually work;
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e adjusting lighting in the room to create optimal visual conditions for

the experience to be enjoyed;
e moving furniture to let users live an enjoyable experience;

e ensuring no distractions or interruptions would stop any user in the

middle of the testing process;

e preparing a space in which an interview could be administered to test

participants, if necessary.

In order to perform the evaluation process of the artifact, twelve differ-
ent users have been recruited; of these, six of them classified themselves as
“male”; six of them as being “female”, and nobody in other possible gender
classifications or not wanting to communicate their gender at all. One partic-
ipant was blind, another one was visually impaired, and the other ten were
sighted people. Users have been recruited randomly, via a non-judgment
sample method, but ensuring that at least obtaining results from at least a
blind and a visually impaired person was possible. The testing process has
been conducted in a single session in a room specifically prepared for the
occasion; participants had to wait outside, so that the testing was performed
by a single person at a time. Special attention has been paid to ensure that
participants did not talk to each other about the test before the end of the
session in order to avoid the development of possibly biased results.

Each participant was briefly introduced to the scope of the testing, pro-
viding some details about the context in which the experience has been cre-
ated. He/she was then invited to start enjoying the experience. Results
have been collected by means of a user observation process performed by
three instructed observers, as well as an interview administered after the test
to obtain further insights or clarify doubtful observations emerged in the
test. More specifically, the complete interaction has been broken down into
various tasks which have been evaluated iteratively. Therefore, results have

been collected on a task-by-task basis to better isolate possible perceived
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weaknesses of the experience or steps in which users faced more difficulties.

Therefore, the obtained results are as follows:

1. Come closer to the installation. The rhythmic glowing of the [LED]
strips, together with the sound emanating from the prototype, worked
well for all users as a “seductive” mechanism “inviting” them to come
closer to the prototype and physically interact with it. While this
statement holds true for the performed test, it is worth mentioning
that in the testing phase the prototype was not placed in an exhibition
context together with other artifacts of possible interest for the user;
therefore, it has not been possible to evaluate the relative attractiveness

of this model in comparison to other parts of a more complex exhibition.

2. Grab the artifact and place it on a circular base. During this phase,
almost all users had a natural intuition of the action necessary to start
the interaction: while this action was felt by most of them as a proper
metaphor for “planting” the artifact and let it grow (aided by visual
feedback and isomorphism of the round base and the bottom part of
the artifact itself), a sighted user has not been able to complete this
task without additional hints. When asked, in retrospect, this user
admitted that it would have been clearer to have a more particular
shape corresponding between the two pieces, quoting her “like in a

puzzle”.

3. Touch the surface of the bean model. All the users completed this task
efficiently, with negligible time differences. The voice-over invitation to
explore the model triggered the desired action (i.e. to touch the model
in all of its parts): in particular, the glowing parts constituted an ad-
ditional feedback for tactile interaction. The capacitive sensor for this
task was initially not sensitive enough to the touch, and required one
user to touch the bean multiple times in order to make it work properly.
Multiple testing iterations were useful to calibrate the sensor’s sensitiv-

ity to a definitive value. This highlights that special attention needs to
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be paid to this specific aspect, as internal testing and fine-tuning the
sensor were not enough; further investigation is required to establish
whether specific factors can have an impact in this area, isolate them

and introduce appropriate fixes to make the prototype more robust.

4. Touch the surface of the leaf. As for the previous task, all users con-
sidered this action to be very intuitive. Moreover, the users who took
more time in the previous task now felt the interaction as more obvious,

thus resulting in a faster completion.

Combining the outcomes of all tests, the arising of a very fast learning
curve from the users emerges clearly; on the other hand, this also testified a
restriction of the heuristic possibilities of the interaction, resulting in reduced
serendipities [MC17|. The invitation made to the user in the first place is
to explore the model, in the context of an interaction where there are no
possible mistakes. All call to action invitations keep an exploratory value
in themselves; the ideal balance of interplay lies in this trade-off between
discovery and achievement Therefore, instead of trying to fix possible “inter-
action mistakes” (or, in other words, unpredictable behaviors) the proposed
experience makes users draw inspiration from these original actions to create
new, spontaneous activities that can reflect new possibilities for a personal

discovery of the artifacts.

No special observations have been made about the interactions performed
by the blind or the visually impaired participant; this confirms that, as sup-
posed initially, the characteristics of the conceived experience make it acces-
sible by default without any special adaptation required, in a truly universal
design fashion. Along with the consideration made before about the inter-
actions, it can be concluded that the evaluation process confirms that the
methodology can successfully make scientific, manipulable artifacts
with a high historical value more accessible, both for blind and visually im-

paired people and the general public.
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6.3.2 Evaluating A11YVT

As discussed in Section part of the research project documented in
this PhD thesis involved providing an approach to make indoor environments
more accessible for blind and visually impaired people by designing and de-
veloping a prototype for a system that enables the creation of
accessible virtual tours. As already illustrated in Section virtual tours
have a huge potential for improving the accessibility of indoor environments,
as they consist of simulations of existing locations composed of a sequence
of videos, still images or 360-degree images and other multimedia elements
such as sound effects, music, narration, text and floor maps. However, to the
knowledge of this author there is no system readily available that satisfies all

the requirements described in Section and Section which [ATTY VT

has been developed upon. In this section the evaluation process performed
on a tour implemented using [A11Y V1] will be described, providing some

considerations on the obtained results and insights.

First off, given the characteristics of its target audiences nat-
urally arise from the ratio behind its development; in fact, as its purpose is
to enable the creation of accessible virtual tours that could be experience by
blind and visually impaired people as well as their sighted peers, it is immedi-
ately clear that evaluating the usability of such a system should involve both
user segments. With regard to the expectations of sighted people, though,
is very typical in its area; being based upon ThreeJS [Mrd22], a
very well established JavaScript library for creating interactive 3D models
within web applications which is often leveraged for the development of vir-
tual tours of 3D environments, it is reasonable to assume that is
pretty close to its competitors in terms of provided features, look and feel,
user interface, and user experience. In deed, these goals have been drivers
for the prototype design and development. Therefore, it has been decided to
evaluate the prototype considering only its unique characteristics involving
the ability to make virtual tours accessible for blind and visually impaired

people, in turn increasing the accessibility of indoor environments for which
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they are created. Additionally, being in an early prototype stage, all the fea-
tures necessary to the authoring such accessible virtual tours have not been
developed yet, thus their usability cannot be evaluated.

Given these considerations, assessing the usability of the pro-
totype involved performing an evaluation process of its accessibility-related
features. Therefore, it has been decided to perform a preliminary evaluation
with five blind users and a visually impaired person. In fact, despite the
system having been designed and implemented in a team including a blind
person, it has been deemed useful to assess whether the assumptions made
in the design and development phases would get confirmed with real users
testing. Additionally, quantifying the experienced usability and identifying
the main engagement levers could provide very useful insights to drive future
developments to the system.

Special attention has been paid to the user’s recruitment process. In deed,
fully understanding a system such as and providing useful insights
for its future developments requires blind and visually impaired people to
have at least basic|O&M]|skills and some experience in walking independently
both indoors and outdoors. Therefore, it has been decided to recruit users
based on personal contacts in the development team: this choice may have
introduced biased results, in the sense that only the perceptions of people
with good capabilities have been considered, de facto ignoring people

not having such skills. However, it is argued that:

e [ATIYVT]is a pretty advanced tool from the point of view of

skills and capabilities, as it allows blind and visually impaired people
to explore indoor environments that they are not already familiar with;
therefore, assuming that blind and visually impaired people interacting
with it have at least basic |[O&M]skills is acceptable;

e introducing features to make the system more usable for blind and
visually impaired people not having good enough skills can be
done in a later stage, once the system is evaluated and its effectiveness

is proven by more experienced people with disabilities;
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e considering that [A11Y V'I]is in the early prototype stage, and no at-
tention as been paid at all towards making it usable for people non
having good skills, including these people in the evaluation pro-

cess would give unreliable results.

To actually evaluate the prototype, two very well-known scales
have been exploited: the [Bro96] and the [User Engagement Scale (UES)|

short version [OCHIS|. In both cases test participants are required to grade

a set of statements on a five-values Likert scale (with values ranging from
one, strongly disagree, to five, strongly agree) based on their accordance with
each of them.

As previously mentioned, five blind people and a visually impaired people
have been recruited for the evaluation process; of these, five of them declared
themselves as being male, one as being female, and nobody in other possible
gender classifications or not wanting to communicate their gender at all. All
participants declared their age to be in the twenty five-fifty years old range.
The evaluation process took place in person in a single session, ensuring
that the tests were conducted one at a time and that participants could
not talk to each other about it in the process. The session started with a
brief introduction of the system, warning the user that participation in the
study was purely voluntary and no additional personal data other than their
response, gender and age would be stored or otherwise processed in any way.

In order to perform the test, a virtual tour presenting the main building
of the Cesena University Campus has been exploited. All participants were
not already familiar with the presented building (as they did not know how
to walk independently to reach any point of interest within it); they were

asked to complete two different, yet related tasks:

e become confident with [AT1Y V]| and freely navigate the environment,

in order to understand how the system works;

e find the room of the student association contained in the building,

determining the path to get to it from the entrance.



6.3 Evaluating the SCAMP methodology and A11YVT 195

At the end of each interaction (which in average lasted twenty-five minutes
with a standard deviation of seven minutes), user’s feedback has been col-
lected by administering a questionnaire made of (ten questions) and
short form (twelve questions) immediately after. Data (both qualitative and
quantitative) have been collected orally and recorded. Users were encouraged
to use their laptops to navigate the virtual tour in order to avoid obtaining
biased results due to issues related to the usage of a different device, screen
reader or assistive technologies different from their habitual ones.

On average, the system obtained a very high score of 90 out of
100: given the requirements that influenced the design and development of
this made it clear that it fully satisfies them, they are effective
towards making indoor environments more accessible, and let blind and vi-
sually impaired people that are not familiar with them safely explore such
spaces. Some qualitative and very useful comments have been collected as

well; among others, it is worth mentioning feedback obtained:

e from question g7 of the questionnaire, stating “I found the system
very cumbersome to use”: four out of six participants commented that
Screen reader output provided by could be refined to convey
the same information with shorter sentences, but they considered it a

minor issue as output was not too verbose to handle.

e from question ¢ of the SUS| questionnaire, stating “I would imagine
that most people would learn to use this system very quickly”™: all par-
ticipants strongly remarked that having some support documentation
would be critical to the success of the system; all of them agreed on
the fact that the provided keyboard shortcuts for taking the tour are
extremely useful, but it is necessary to provide some documentation
explaining that they exist, how they are supposed to work, and per-
haps indicating users how to take advantage of them with practical

examples.

The [UES|short form allowed to evaluate by measuring four different



196 6. Evaluating the research project

dimensions: |[Focused Attention (FA)| [Perceived usability (PU)| |[Aesthetic|
lappeal (AE)| and [Reward factor (RW)| Results show that the experience had
a positive impact on [PU]for the system; in fact,[ATTYVT]was perceived by all

participants as easy to use, not confusing at all and not taxing. Considering
the [AE] dimension, on average [AIIYVT|obtained a score of 3 out of 5; a very

similar score was obtained when inquiring about as well. Finally, a much

higher score of 4.34 out of 5 was obtained on average when investigating
RW], as all participants strongly claimed that using[A11Y V1] was worthwhile
and the provided experience was very rewarding for them. Once again, this
confirms that[ATTYVT]is effective towards letting blind and visually impaired
people explore indoor environments they are not familiar with, therefore

making such spaces more accessible for them.



Chapter 7

Conclusions and future

developments

Starting from an in depth analysis of the current situation, the research
project documented in this PhD thesis dealt with two different, yet related
problems regarding digital accessibility. On one hand, realizing the abun-
dance of web content that exhibit critical accessibility issues, all the efforts
that have been done over the years to improve the current situation, the
presence of technical resources as well as other support materials helping
stakeholders (be they designers, managers, content authors, web developers,
and others) produce accessible content, and the fact that such resources come
in a variety of flavors to satisfy a wide range of possible requirements and
expectations, it is argued that a completely different approach is necessary.
Therefore, an innovative, threefold approach to rethink from the ground up
the way in which accessibility is dealt with has been proposed. Many differ-
ences in between the proposed approach and the current situation with web
accessibility could be mentioned, but perhaps the most significant one is the

paradigm shift that it brings to the table:

e Instead of leaving to developers the ability to choose between different
implementations for the same elements, along with the burden of de-

termining their accessibility by understanding complex standards and

197
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techniques, a single solution that generates accessible markup by de-
fault is provided; this is achieved by means of the declarative AX frame-
work, which provides a set of web components providing the |Ul|controls

commonly required while developing websites and applications.

Instead of requiring stakeholders to understand complex accessibility
tools, how they work, the way in which they communicate accessibil-
ity issues and the related support resources illustrating how to take
advantage of them, an innovative accessibility testing and evaluation
methodology that maps accessibility-related concepts on concepts that
stakeholders are already familiar with has been proposed; such method-
ology has been implemented in the browser extension avail-
able for Google Chrome. As explained in Section [4.3.1]and Section
it exploits both the visual rendering and mouse operability of a web
page to reflect its accessibility, letting users directly perceive (i.e. in first
person) the presence of accessibility issues in the code being tested and

their impact on people with disabilities.

Instead of requiring developers to know what to look for, how and
where when it comes to searching for accessibility-related resources, a
structured, categorized repository to collect and classify such resources
according to various criteria has been created; it has been implemented
by means of the A11A website and allows stakeholders to easily find
what they need, whether they know they need it or not. Along with an
accurate resource classification according to various criteria, additional
features (such as an internal search engine and related content sugges-
tions) have been provided to encourage and promote the discoverability

of such resources by their intended audiences.

Evidence shows that designers, web developers, content authors and all
stakeholders in general have a hard time with the tools and resources that
are available today to deal with digital accessibility; many attempts to im-

prove them have been proposed, but observing the current reality and data
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gathered in the literature they did not bring any significant success. Ad-
ditionally, as evidence shows that accessibility advances when technology
actually makes it easier to create accessible websites and applications rather
than due to an increased interest among stakeholders, this lead to the con-
clusion that such a paradigm shift (thus an innovative approach to rethink
from the ground up and make web accessibility more accessible) is necessary.
The lack of success among the proposed solutions, in fact, may depend on
the fact that they assume the traditional paradigm in which many alterna-
tives in between accessible and inaccessible content exist, developers can only
indirectly (either by relying on external tools or third parties to perform the
accessibility testing and evaluation process) perceive accessibility issues and
blindly trust the documentation (guides and tutorials, guidelines, technical
specifications, abstract instructions, code examples that do not closely match
their implementation, and so on) to understand their impact on people with

disabilities.

The innovative approach to make web accessibility more accessible pro-
posed and implemented in the research project documented in this PhD
thesis changes the current status quo in which developing accessible content
or performing accessibility testing and evaluation requires highly specialized
knowledge, which stakeholder may or may not be willing to acquire, or sim-
ply the required additional efforts (cognitive, technical, financial, ETC) may

not be affordable in many circumstances.

It is strongly argued that the proposed approach has a great potential in
facilitating a more widespread production of accessible web content, as it of-
fers tools to alleviate some of the most significant difficulties that developers,
designers, content authors and stakeholders in general have to face in order
to do that with the tools available today. Not only that, but the proposed
approach illustrates both the theoretical foundations (the strategy) behind
it and also provides the practical results of its application (the tools) to
actually make web accessibility more accessible: they consist of the AX frame-

work (to support the development of accessible websites and applications),
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the browser extension for Google Chrome (to implement the in-
novative methodology to map accessibility-related information to concepts
that developers are already familiar with, especially the visual rendering and
mouse operability of page), and the A11A website (to make it easier to find
accessibility-related resources for their intended audiences). While different
attempts to address one or more of the three branches of the proposed strat-
egy to make web accessibility more accessible have been proposed over the
years, it is argued that none of them started from the point of rethinking
from the ground up the current approach to digital accessibility.

Finally, it is worth mentioning that the proposed artifacts can express
their maximum potential when used in combination; however, they have
been designed to provide the expected benefits even if used independently
one from the other. This may speed up the adoption process of such tools,
as well as making them available in those contexts in which all three of them
cannot be used together for technical reasons.

With regard to the second branch of the research project documented in

this PhD thesis, two very challenging issues have been dealt with:

e improving the accessibility of scientific, manipulable artifacts both for
blind and visually impaired people and the general public; this is achieved
by means of the methodology, which exploits digital technolo-
gies, multimedia content and 3D-printing to enhance the characteristics
of these artifacts to make them more accessible both for blind and vi-

sually impaired people and the general public.

e Improving the accessibility of indoor environments by means of acces-
stble virtual tours that can be experienced both by blind and visually
impaired people and their sighted peers, relying on all the features they
expect to find (and actually need) in such experiences. The
system has been developed to demonstrate the feasibility and effective-

ness of this idea.

While these problems may seem completely unrelated, they have in com-
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mon the fact that they actually leverage digital technologies to improve the
accessibility of physical “things” at a meta-level: creating accessible digital
experiences to solve such problems, in fact, the underlying physical things
become more accessible as well. Many solutions to the same problems have
been already proposed in the literature and thus have been widely discussed;

however, it is argued that none of them has the unique characteristics of the
>CAMP| methodology or the [ATTYVT] system.

Another unique strength of the proposed solutions to the problems tackled
in the research project documented in this PhD thesis is that, thanks to a
very careful analysis of the current scenario followed by another even more
careful design phase, all the ideas (aka the philosophy) behind each produced
artifact is then confirmed when the actual tool is used “out in the wild”; other
than many preliminary considerations (both by the author and third parties),
this has been confirmed by the evaluation process performed to assess the

main artifacts that have been produced.

This being said, though, this is not the end of the story; of course, such
a wide research project has room for further developments, improvements
and additional researches to improve it. First off, as clearly outlined in
Section and Section [5.6.2|the produced artifacts for the[ATTYVT]system
and the methodology have been designed as mere prototypes to
demonstrate their feasibility. They are neither complete nor ready for free
usage out in the wild as their nature would clearly demand. Therefore,
additional efforts will be required to promote them to the status of fully

fledged products ready for public distribution and consumption.

In case of the methodology, for instance, these include making
the produced prototypes more robust and resilitent both to unexpected and
unpredictable user interactions and environment conditions (temperature,
humidity, visual and audio conditions, and so on); making the implementa-
tion process more scalable in terms of implementation time and costs would
be desirable as well. Instead, when it comes to the system to create

accessible virtual tours, the system needs to be developed further in order to
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facilitate the creation of such tours, make it easier to distribute them, and
allow their consumption even in uncontrolled environments; feedback gath-
ered during its evaluation to make its usage easier (i.e. providing detailed
instructions to document of to use the system) also needs to be implemented.
The feasibility of all these improvements, though, has already been discussed
and proven in this PhD thesis: therefore, it can be argued that they can be

implemented for certain.

Even if the artifacts proposed to make web accessibility more accessible
(the AX framework, the browser extension for Google Chrome, the
A11A website, the MARE]interactive tool and the ARIA-Service JavaScript
library) are in better shape from the point of view of their maturity, more
work is necessary to complete and improve them as well. The AX framework,
for example, currently provides only a very limited set of components (de-
scribed in Appendix |C]) that can be leveraged; to make it actually useful in
the wild, it has to be expanded to include many more of them: once again,
though, the components that have been implemented prove the feasibility of
developing all the missing ones. The official documentation of the framework,
along with practical usage descriptions of each component, references

and possibly guides and tutorials, also needs to be created and published.

An ongoing maintenance process is then necessary for the A11A website;
even if it currently counts about 500 pages, more and more resources can be
added as time passes to make it more complete and keep it up to date with
the latest advancements in the field of digital accessibility. An interesting
opportunity for the project would also be to create a community that could
maintain and improve it over time, so that external contributions can be ac-
cepted: this would require careful considerations and infrastructure changes
to be made, though. Finally, additional features to increase user engagement
would also be desirable: the most effective ones, though, have not yet been

determined.

Finally, the [SAHARIAN| browser extension (which implements the proposed

innovative methodology for manual accessibility testing and evaluation) could
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also benefit from further improvements. As described in Appendix [B|it cur-
rently provides a limited set of features: the first improvement would there-
fore be to make it complete. As for other artifacts, though, the developed
features prove the feasibility of all the missing ones. Making it more robust
for usage out in the wild could also be possible, yet this needs to be inves-
tigated by gathering more user feedback: this suggests that a public beta

testing phase after completing the extension could be extremely useful.

With regard to instead, a more robust pipeline to extract the
necessary information from various resources describing the spec-
ification could be developed; while this would make maintaining up to date
the tool over time much easier, the fact that the [WAI-ARTA] specification
is not updated so frequently, though, does not make this a critical prior-
ity when compared to other opportunities for future developments. Similar
considerations can be done for the ARIA-Service JavaScript library, which
needs further development to become more robust and support all possible
usage scenarios (e.g. make it more robust to detect unexpected usage scenar-
ios or possible race conditions with other libraries that result in unexpected

behaviors during event handling).

In general, though, a larger scale evaluation of all the produced artifacts
could also be useful, as it would provide more useful insights for further
improvements to them and even suggests additional features to increase their
impact.

But as they say, unfortunately “all good things must come to an end”.
And this is the end for this PhD thesis; the hope, though, is that this does
not coincide with the end of the research project itself, and more specifically
with the [End of Life (EOL)|of the produced artifacts. The hope is that they

can be improved even in the future, perhaps one day leading to the so much

necessary (and wanted) paradigm shift to actually make web accessibility
more accessible even out in the wild, at a much larger scale. While this
process has been proven to be feasible in this PhD thesis, though, the day

in which it gets completed and all the documented possible improvements
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become a reality has still to come. The ultimate hope of this author, though,
is that one day or another the described (and so much necessary) “accessibility

revolution” can actually start in the real world.
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Appendix A

WebAIM one million 2022 - Main

WCAG violations

Table contains the data represented in Fig. illustrating the most
common violation types detected while performing the Homepage
analysis of the most popular one million websites by WebAIM in 2022.
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WCAG]  failure type % of Homepages affected
Low contrast text 83.9%
Missing alternative text for images 55.4%
Empty links 50.1%
Missing form input labels 46.1%
Empty buttons 27.2%
Missing document language 22.3%

Table A.1: WCAG violation types detected in the most popular 1 million
Homepages by WebAIM
Source: [Web22al



Appendix B

Features of the SAHARIAN browser

extension

As described in Section part of the research project described in
this PhD thesis involved developing an innovative manual accessibility test-
ing and evaluation methodology to map accessibility-related concepts to ones
that web developers are already familiar with: in particular, the proposed
methodology communicates the accessibility of a web page by exploiting
its visual rendering (to reflect the information that is conveyed to assis-
tive technologies) and mouse operability (to reproduce the experience that
keyboard-only users can have). As illustrated in Section this methodol-
ogy has been then implemented in the browser extension available
for Google Chrome.

In order to make truly effective and ready to use at large, its

features should include:
e coverage for all possible [HTML| elements;

e coverage for any custom widget (e.g. implemented by means of the

'WAI-ARIA| specification);

e coverage for all possible implementation strategies to implement and

develop each possible element that can appear within a web page;
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all accessibility requirements arising from the [WCAG 2.1, [WAI-ARIA
1.1 and the 2.0 specifications;

additional accessibility requirements arising both from other specifica-

tions (e.g. for more specific technologies);

any possible variation in the actual implementations of the previous
elements (e.g. incorrect markup, different technical implementation

strategies, specific frameworks, and so on);

any possible combination of the elements mentioned before.

It is clear that completing such an implementation is unfeasible for a
research project; however, it was important to determine a significant set of
requirements to be implemented in the [SAHARIAN| browser extension. Such

requirements have been chosen so that they could:

e demonstrate the feasibility of the proposed methodology, proving that

it could be effectively implemented;

be diverse enough one from each other, so that the technical feasibility
of all features necessary by a complete implementation of the proposed

strategy could be proven;

allow evaluating the effectiveness of the proposed strategy with actual
users in realistic scenarios (i.e. closely matching the ones the tools

would be used out in the wild);

include requirements which may result in troublesome situations arising
from the actual implementations (i.e. due to known limitations of [APIs

exposed by web browsers).

It has therefore been decided to follow a different strategy. Instead of an-
alyzing various accessibility requirements, the most natural approach arising
from the proposed methodology itself has been adopted. In fact, in order to
implement various design patterns have been selected. For each of
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those, support for various possible accessibility-related variations has been
developed in the extension. It was also critical to ensure that the extension
could work as expected no matter what the implementation strategy used
for that design pattern in a web page (which cannot be controlled, as it de-
pends on the actual code whose accessibility needs to be evaluated) was. The

implemented design patterns include:

e support for all the so-called landmark elements (HTML|tags like <nav>,
<header>, <main>, <footer>, and so on) that can be used to define

the structure of a page;

e support for HTML|elements that can be used to implement form controls
(text fields, radio buttons and radio groups, checkboxes, listboxes, and

so on);
e support for HTML] elements used to represent headings;
e support for HTML| elements used to implement images and links;

e support for visual characteristics that can have an impact on the page

accessibility (especially font size and color contrast);

e support for all roles matching the previously mentioned elements pro-

vided by the specification, including all keyboard interac-
tions (if necessary);

e support for specific roles from the specification for which
HTML| does not provide equivalent elements yet (.e.g. tree-views and

menubars), including support for the necessary keyboard interactions.

The process to effectively implement the support for each design pattern
in the [SAHARTAN browser extension has been illustrated in Section 3.1l and

Section [5.2]






Appendix C
Elements in the AX framework

As illustrated in Section [4.3.2] and Section [5.1] part of the research project
documented in this PhD thesis to make web accessibility more accessible in-
volved the creation of AX, a framework capable of enforcing the generation
of accessible markup as much as possible. As explained in Section the
framework has been implemented leveraging web components, a suite of tech-
nologies that allows the creation of custom elements (encapsulating the
JavaScript and code necessary to implement their functionali-
ties) and reuse them across different web apps. Introduced by various popular
JavaScript libraries (like React [Met22], Vue [Vue22| and Angular [Ang22|),
the idea has proven to be so successful to deserve the standardization in a
set of different specifications by the

To be considered complete, the AX framework should provide all compo-
nents necessary to implement each possible widget a developer may ever need
during the development of any website or application. In addition, as [HTML
does not enforce the generation of accessible markup (but rather introduces
various problems as already illustrated in this PhD thesis, see Section ,
makes it clear that the AX framework should provide a component to replace
each element available. Unfortunately, such a complete implementation
was not feasible for the scope of a research project; therefore, it was necessary

to determine which components to implement to demonstrate the feasibility
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of the proposed solution.
The components implemented in the AX framework have been selected in

order to satisfy the following principles:

e Be diverse enough, in order to unveil all the technical challenges that
may arise during the complete implementation; in this way, overcoming
them would clearly indicate that the complete implementation will be

possible in the future.

e Be representative of the elements commonly used in the development of
websites and applications; while official data on the popularity of web
components or specific elements across the Web is not available,
evidence shows that the major (i.e. most popular) JavaScript frame-
works providing [U controls tend to share a set of essential components.
The presence in such a set influenced the decision to implement it or

not.

e Be complex enough to represent all the challenges that would be neces-
sary to face from an accessibility point of view; in this way, making the
AX framework capable of enforcing the generation of accessible markup
in such scenarios will ensure that even its complete implementation will

be able to achieve the goal for which it was designed.

e Allow evaluating the effectiveness of the framework with actual users
in realistic scenarios; in this way, the effectiveness of the AX framework
could be evaluated with actual users representing its target in real-
world scenarios closely matching the ones it would be used out in the
wild.

As described in Section and Section though, in order to achieve
its goal the AX framework has to perform some analysis at runtime (i.e. after
the page has finished rendering), as some checks necessary to enforce the
generation of accessible markup cannot be performed statically (think of

color contrast, that can be influenced by factors that cannot be controlled
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by the framework such as styling). Some components integrating this kind
of analysis have been included in the set as well.
In light of these considerations, the components that have been developed

to prove the feasibility of implementing the AX framework include:

e clements to represent the page structure (i.e. the so-called page land-

marks);

HTML| elements critical to ensure the accessibility of the structure of a

page (e.g. headings);

e form controls (text fields, radio buttons and radio groups, checkboxes,

list boxes, sliders, and more);

e widgets commonly used in websites and applications, yet not repre-
sented by native HTML| elements (e.g. date pickers, tabs, tab lists and

tab panels, treeviews);

e clements that should be provided by HTML| natively, but for various
reasons do not work as expected (e.g. to implement modal dialogs and

autocomplete fields);

e clements that allow linking a page to another, or a point of a page to

another point within the same (e.g. buttons and links);

e clements to represent data tables (which unlike their native HTML|coun-

terparts can prevent their usage for layout purposes)[];

e clements for embedding images (both for decorative purposes and not).

The implementation process of the framework, as well as the technical
challenges faced and the strategies adopted to overcome them, have been
thoroughly discussed in Section

LA trend originating from the early 90s, an era in which was very different from

what we know today, involved abusing tables in order to define the layout of a page; this
problem is widely known as table-based layouts within the accessibility community and

can cause a lot of troubles for assistive technology users.






Appendix D

A class diagram for the AX

framework

In order to illustrate some architectural decisions behind the implementa-
tion of the AX framework proposed in the research project documented in this
PhD thesis, an class diagram to show some of its components has been
provided in Fig. 5.1 In this appendix you can find the textual representation
from which it has been generated by means of plantUML [Roq22].

Listing D.1: the PlantUML code for the class diagram showing some compo-

nents of the AX framework

@startuml

class HTMLElement << Base class for DOM elements >>

package AX {
class AXAttribute {
+ constructor ()
+ string name

+ bool wvalidator

abstract class AXElement {
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{static} + abstract string|[]| allowedParents
Initialization
+ void constructor ()
#node: HTMLElement
Life cycle callbacks
+ void connectedCallback ()
+ void adoptedCallback ()
+ void disconnectedCallback ()
Attributes callbacks
{static} + string|| getObservedAttributes ()
+ void attributeChangedCallback ()
{static} + abstract AXAttribute|[| attrs

}
HTMLElement <|— AXElement

abstract class FormField {
{static} + abstract string|[]| allowedParents

{static} + abstract inputType
+ HTMLElement render ()

}
AXElement <|—— AXElement

class TextField {
{static} + string inputType

}
TextField <|— FormField

class Slider {
{static} + string inputType
{static] + AXAttribute[] attrs
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FormField <|-— Slider

FormField <|]— Radio
AXElement <|-— Radiogroup
Radiogroup *— Radio
AXElement <|— Form

Form *— Slider
Form »— TextField
Form x—— Radiogroup

class Table {

{static} + abstract string|[| allowedParents

{static] + AXAttribute[] attrs
+ HTMLElement render ()
Cell state support
— int currentRowlIndex
— int currentCollndex
" bool isHeader ()
}
AXElement <|-— Table
AXElement <|-— TableCell
AXElement <|— TableRow
Table *—— TableRow
Table x—— TableCell
TableRow x—— TableCell

TextField <|— Combobox

Form *— Combobox

AXElement <|— Treeview
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@enduml



Appendix E

A stylesheet to make different
checkbox implementations look

the same

In order to pursue the goals of the research project documented in this
PhD thesis, and more specifically to develop the proposed innovative method-
ology for accessibility testing and evaluation (implemented in the
browser extension) and the ARIA-Service JavaScript library, A11YExamples
has been developed: it consists of a repository of accessibility examples that
could provide a wide set of ezamples of elements commonly available in web-
sites and applications implemented in different ways, with different accessi-
bility degrees, but knowing the accessibility issues affecting each example in
advance. One of the design goals influencing the development of these exam-
ples was to make them look the same even if implemented with different
elements, as that would make developing both and ARIA-Service

much easier.

Listing shows an example of such stylesheets developed to make very
diverse checkbor implementations look the same; the result of applying this
stylesheet can be seen in in Fig. and Fig. in Section which

shows the visual rendering of various checkbox implementations with different
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accessibility degrees (on the left) and the code that implements them
(on the right).

Listing E.1: CSS stylesheet applied to make them look the same even if
implemented with different HTML elements
input [type=checkbox |:: before {

width: 1.lem;

height: 1.lem;

border: 1px solid hsl(0, 0%, 66%);

border—radius: 0.2em;

background—image: linear—gradient (to bottom, hsl (0,

0%, 93%), #fff 30%);

.checkbox :: before {
width: 0.875em;
height: 0.875em;
border: 1px solid hsl (0, 0%, 66%);
border—radius: 0.2em;

background—image: linear—gradient (to bottom, hsl (0,

0%, 93%), #fff 30%);

input [type—checkbox]|,

.checkbox {
display: inline —block;
position: relative;
padding—left: 1.4em !important;
cursor: pointer;
white—space: nowrap;

outline: none;
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input | type=checkbox |:: before ,
input [type=checkbox |:: after ,
.checkbox :: before ,
.checkbox :: after {

position: absolute;

left: 0.4375em;

top: 50%:;

transform: translate(—50%,

7,

content: X

input [ type=checkbox |: checked ::

.checked :: after {
display: block;
width: 0.25em;
height: 0.4em;
border: solid #fff;

—50%) ;

after |

border—width: 0 0.125em 0.125em O;
transform: translateY (—65%) translateX (—50%)

rotate (45deg) ;

input [ type=checkbox |: checked :
.checked :: before {
display: block;
border—color: #DDA374;

: before ,

background: hsl (217, 95%, 68%);
background—image: linear—gradient (to bottom,
#16b681 , #{18d3a);
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input [type=checkbox |: focus :: before ,
.checkbox:focus :: before ,
input [type=checkbox|: hover:: before ,
.checkbox :hover:: before {
width: 16px;
height: 16px;
box—sizing: content—box;
border—color: #f4a869 ;
border—width: 0.1875em;
border—radius: calc(0.2em + 0.1875em) ;
box—shadow: inset 0 0 0 1px #f6b681;



Appendix F

My publications

In this chapter you can find all research publications authored by myself,
or were | have been involved in the authorship process with other people. The
majority of them is strictly related to topic of web accessibility, while some
others can be related to accessibility in a broader scope (such as including
accessibility to indoor environments or cultural heritage). All publications

are sorted in chronologycal order.

e Mirri, S., Peroni, S., Salomoni, P., Vitali, F., & Rubano, V. (2017,
January). Towards accessible graphs in HTML-based scientific articles.
In 2017 14th IEEE Annual Consumer Communications & Networking
Conference (CCNC) (pp. 1067-1072). IEEE .

e Rubano, V., & Vitali, F. (2020, July). Experiences from declara-
tive markup to improve the accessibility of HTML. In Balisage: The

Markup Conference.

e Rubano, V., & Vitali, F. (2021, January). Making accessibility ac-
cessible: strategy and tools. In 2021 IEEE 18th Annual Consumer
Communications & Networking Conference (CCNC) (pp. 1-6). IEEE.

e Lengua, C., Rubano, V., & Vitali, F. (2022, January). Aligning acces-
sibility design to non-disabled people’s perceptions. In 2022 IEEE 19th
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Annual Consumer Communications & Networking Conference (CCNC)
(pp- 1-6). IEEE.

Rubano, V., Vitali, F., & Lengua, C. (2022). Tools for an Innovative
Approach to Web Accessibility. In International Conference on Human-

Computer Interaction (pp. 97-115). Springer, Cham.

Grillo, R., Morelli, C., Rubano, V., & Vitali, F. (2022, September).
Social Good and Cultural Heritage: making the Brendel models acces-
sible again. In Proceedings of the 2022 ACM Conference on Information
Technology for Social Good (pp. 191-197).

Bertani, S., Rubano, V., Mirri, S., & Prandi, C. (2023, January). Ac-
cessibility for Virtual Tours: on Designing a Prototype for People with
Visual Impairments. In 2023 IEEE 20th Annual Consumer Communi-
cations & Networking Conference (CCNC) (pp. 1-6). IEEE.
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CSS Cascading StyleSheets.

HTML HyperText Markup Language.

JSON JavaScript Object Notation.

NPM Node Package Manager.

SAHARIAN Sighted Architects Helper for Accessibility Notation.
SVG Scalar Vector Graphics.

UML Unified Modeling Language.

XML Extensible Markup Language.

XSD XML Schema Definition.

YAML Ain’t Markup Language.

A11YVT Accessibility for Virtual Tours.
ABA Architectural Barriers Act.

ACE Accessible Colour Evaluator.

ADA Americans with Disabilities Act.

ADHD attention deficit hyperactivity disorder.

AE Aesthetic appeal.

285



286 Glossary

AEA Accessibility Evaluation Assistant.

AJAX Asynchronous JavaScript and XML.

AODA Accessibility for Ontarians with Disabilities Act.
APG WAI-ARTA Practices Guide.

API Application Programming Interface.

AR Augmented Reality.

ASQ After-Scenario Questionnaire.

AT Assistive Technologies.

ATAG Authoring Tools Accessibility Guidelines.

BLE Bluetooth Low Energy.
BLS Basic Life Support.

BRICS Brazil-Russia-India-China-South Africa.

CI Continuous Integration.
CMS Content Management System.
CPI Corruption Perception Index.

CRPD Convention on Rights of Persons with Disabilities.

DAISY the Digital Accessible Information System.
DDA Disability Discrimination Act.
DIY do it yourself.

DOM Document Object Model.



Glossary

287

E-GOV Electronic Government.

EAA Furopean Accessibility Act.
EARL Evaluation and Report Language.
EDS European Disability Strategy.

EOL End of Life.

EPUB Electronic Publication.

EU European Union.

FA Focused Attention.

FOV Field of View.

GAG Game Accessibility Guidelines.
GDPR General Data Protection Regulation.

GPS Global Positioning System.

HDI Human Development Index.

ICT Information and Communication Technologies.

IDRC Inclusive Design Research Centre.

ISO International Standard Organization.

Jamstack JavaScript APIs and Markup.

LED light-emitting diode.

MARE the Missing WAI-ARIA Role Explorer.

MathML Mathematical Markup Language.
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MOOC massive open online courses.

MWE Minimal Working Examples.

NFC Near Field Communication.

O&M Orientation and Mobility.
OCW Open Course Ware.

OER Open Educational Resources.

PAC PDF Accessibility Checker.

PAVE PDF Accessibility Validation Engine.
PDF Portable Document Format.

POI Points of Interest.

PU Perceived usability.

RDF Resource Description Framework.
RFID Radio Frequency Identification.
RSS Really Simple Syndication.

RW Reward factor.

SCAMP Scientific Collections Accessibility Making Process.

SMIL Synchronized Multimedia Integration Language.
SPA Single Page Application.
SSA Sub-Saharan Africa.

SSG Static Site Generator.
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SSR Server Side Rendering.

SUS System Usability Scale.

TDD Test Driven Development.

TTML2 Timed Text Markup Language 2.

U.S. United States.

UAAG User Agents Accessibility Guidelines.
UES User Engagement Scale.

UI User Interface.

UK United Kingdom.

UMUX Usability Metric for User Experience.

UNCRPD United Nations” Convention on Rights of Persons with Disabil-

ities.
UX User Experience.
W3C World Wide Web Consortium.
WAI WWeb Accessibility Initiative.
WAI-ARIA Active Rich Internet Applications.
WAVE Web Accessibility Evaluation Tools.
WCAG Web Content Accessibility Guidelines.
WCAG-EM Web Accessibility Conformance Evaluation Methodology.
WebAIM Web Accessibility in Mind.
WebVTT Web Video Text Tracks Format.

WWW World Wide Web.
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