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Abstract
Within the European Union and other jurisdictions, government agencies are required to make digital offerings like
websites, apps, or documents accessible such as by following the recommendations of theWeb Content Accessibility
Guidelines (WCAG). Using websites of Swedish public sector organizations and automated accessibility checking
tools, we both assess to which degree those websites achieve the legal requirements and which limitations the used
tools have. Our results show that the median number of unique violated success criteria is only two or less for most
tools, but the tools cover only one sixth of all WCAG success criteria. Tools differ in their assessments due to several
reasons, such as the size and complexity but also inconsistency of WCAG and related documentation (‘techniques’),
and typical software engineering problems in the corresponding implementations. To improve the coverage and
quality of tools we suggest the incorporation of scientific knowledge, for example on readability testing, and the
creation of a benchmark suite similar to those in related fields like PDF/A validation.
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1 Introduction
The Internet and the World Wide Web as part of it
has become a central tool for communication, partici-
pation in social activities, and retrieval of information.
About two-thirds of the world’s population is using the
Internet [42]. Webpages provided by government agen-
cies and private companies are a central component
here, but their accessibility can be a challenge for vis-
itors with disabilities. According to the World Health
Organization [56], about 1 in 6 persons is estimated

to ‘experience significant disability’ and more than 1
in 4 persons have a ‘near or distance vision impair-
ment’ [55]. According to the European Commission [16],
more than 80 M people in the European Union are
affected by some form of disability, but less than 10%
of the European websites are accessible for persons
with disabilities. Especially for government agencies,
providing equal access for all citizens is a major con-
cern and in many jurisdictions a legal requirement.
The United Nations’ ‘Convention on the Rights of Per-
sons with Disabilities and its Optional Protocol’ [45]
states that signatories ‘shall take appropriate measures
to ensure to persons with disabilities access, on an
equal basiswith others, [. . . ] to information and commu-
nications, including information and communications
technologies and systems, [. . . ].’ Various jurisdictions
have adopted legislation to implement those goals, such
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as the United States Congress [46] or the European
Commission [15, 17] in Directives (EU) 2019/882 and
2016/2102; the latter specifically requires public sector
organizations to implement accessibility.

TheWorldWideWebConsortium (W3C) is an orga-
nization that made major contributions to the develop-
ment of the World Wide Web and related technologies,
such as HTML and CSS, but through its Web Accessi-
bility Initiative1 (WAI) also promotes the Web Content
Accessibility Guidelines2 (WCAG). The WCAG’s pur-
pose is to provide recommendations on how to make
web content accessible for people with disabilities, but
many of the recommendations can be applied to other
types of digital content, too, such as PDF files or mobile
applications [41]. WCAG underwent a number of revi-
sions since their inception in the late 1990s and are today
probably the most widely used standard for assessing
accessibility of web content.

In order to assess the accessibility of a website and
to identify issues, several methods are available, such
as human expert knowledge or automated web accessi-
bility assessment tools. Whereas the availability of the
former is often limited, automated tools are a readily
available option to quickly assess the accessibility of
numerous webpages. However, such automated tools
also have limitations, such as not covering all WCAG
recommendations or their inherit inability to ‘see’ a
webpage like a human user.

The focus of the study is on investigating the limi-
tations of automated web accessibility assessment tools
and disagreements among them. Rather than a pure
quantitative study on how well tools or websites per-
form in accessibility tests, we investigate the challenges
and limitations of automated tools and why they may
disagree with each other.

As base for our investigation, we make use of web-
sites that are required to be accessible. Such websites,
in contrast to websites that have no such requirement,
can be expected to have fewer accessibility issues and
remaining issues can be assumed to be harder to iden-
tify (both by automated tools and human experts) and
mitigate.

The ‘requirement for being accessible’ can be
imposed by law, such as Directive (EU) 2016/2102 [15].
This directive affects all public sector organizations in
the European Union making them potential subjects

1https://www.w3.org/WAI/
2https://www.w3.org/WAI/standards-guidelines/wcag/

of our study. However, without loss of generalizabil-
ity, we restrict our study for methodological reasons to
Swedish public sector organizations.

From this premise, we derive the following research
questions:

1. What characterizes the conformance of Swedish
Public SectorOrganizations’ webpages toWCAG
as assessed by automated tools?

2. To what extent do automated web accessibility
assessment tools cover recommendations from
current WCAG versions?

3. How can agreements and disagreements among
web accessibility assessment tools be explained?

2 Background
Testing for and assessing accessibility is a non-trivial
task. Although the existence of the WCAG may suggest
that the task can be solved, there are several challenges.
First, Power et al [38] report that for blind users, only
about half of the problems they encounterwhen visiting
websites are covered by the success criteria of WCAG
2.0. Then, being potentially ambiguously-formulated
text, raised the need for a declarative, machine-readable
representation ofWCAG requirements, whichwas only
in part addressed by Pelzetter [37].

2.1 Web Content Accessibility Guidelines
To address accessibility deficits in electronic documents
such as websites, various guidelines and standards exist,
but ‘the most widely used accessibility standard’ [3] are
theWebContent Accessibility Guidelines (WCAG) pub-
lished by the W3C. The most recent version is 2.2 [59]
with version 2.1 [58] still in wide use. Both versions rep-
resent incremental improvements over version 2.0 [57].
Version 3.0 [60] has currently draft status and the pre-
vious version 1.0 is no longer of practical relevance.
Common to all WCAG 2.x versions is the hierarchi-
cal structure, which categorizes success criteria into 13
guidelines (as of WCAG 2.1 and 2.2) which in their turn
are categorized into four principles (‘perceivable’, ‘oper-
able’, ‘understandable’, and ‘robust’) based on the types
of challenges disabled users face. The number of success
criteria varies across WCAG versions: WCAG 2.0, 2.1,
and 2.2 have 61, 78, and 86 success criteria, respectively.

Each success criterion is also assigned to one of
three levels: A, AA, AAA. Whereas criteria in level
A describe minimum accessibility requirements, level
AAA contains the most advanced and complex criteria.
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For example, WCAG 2.2 classifies 31 success criteria as
level A, 24 as level AA, and 31 as level AAA.

Success criteria cover a broad spectrum of rec-
ommendations. Some criteria can be computed, rang-
ing from simple formulas as used to determine the
contrast level of a foreground/background color com-
bination (success criteria 1.4.3 and 1.4.6) to whether
a ‘text requires reading ability more advanced than
the lower secondary education level’ (success criterion
3.1.5). Assessing the readability of text is an established
field of research [39, 53] and has been applied in web
accessibility studies [27, 32], although Eika and Sandnes
[12] report that ‘it is not trivial to automate the process
of determiningwhether texts on theweb are readable or
not according to given criteria’. Specifically for official
Swedish websites informing about COVID-19, Georgs-
son and Carlsson [21] analyzed the readability and
understandability. Regarding readability, the authors’
measured median LIX score (abbreviation of Swedish
läsbarhetsindex, ‘readability index’) matched 9th to 10th
grade level; regarding understandability, a lower under-
standability was observed, such as that less than one in
10 websites provided visual aids to make content more
understandable.

Other success criteria are more subjective, such as
whether the text of a link is sufficient to determine
the purpose of a link (success criterion 2.4.4). A recent
approach is to employ large language-model (LLM)
based systems for such assessments [29].

The WCAG has been the base for standardization
and subsequently legislation. WCAG 2.0 has been stan-
dardized as ISO 40500:2012 [25]. More recently, suc-
cess criteria of levels A and AA of initially WCAG 2.0
and later WCAG 2.1 have been integrated in section
9 of recent versions of ETSI standard EN 301 549
[13, 14]. This standard is referred to in Directive (EU)
2016:2102 [15] which ‘lays down accessibility require-
ments for the websites [. . . ] of public sector bodies.’
(paragraph 41). Being a European Union directive, it has
been adopted into national law in each EU country,
such as via Bundesgesetzblatt [7] in Germany, Valtio-
varainministeriö [47] in Finland, Regeringskansliet [40]
in Sweden, and Bundesministerium für Digitalisierung
und Wirtschaftsstandort [8] in Austria. Each country
regulates themonitoring of public sector organizations’
compliance to this directive. In the case of Sweden,
the Agency for Digital Government (DIGG) is the offi-
cial regulator, providing both support to and conduct-
ing regular checks on public sector organizations. The
six most common accessibility issues as encountered
by DIGG in their investigations [34] are errors in the

HTML code (WCAG criterion3 4.1.1), lack of structure
(headings, lists; criterion 1.3.1), lack of contrast between
graphical elements (criterion 1.4.11), lack of marking in
which language a text is (criterion 3.1.2), lack of con-
trast between text and background (criteria 1.4.3 and
1.4.6), lack of descriptive, alternative text for non-text
content (criterion 1.1.1). In 2023, DIGG fined two pub-
lic sector organizations for not addressing accessibility
issues identified in earlier checks [33].

WCAG 2.x success criteria are to a large extent
technology-agnostic for the purpose of being applicable
to all kinds of current and future devices [61]. Instead,
the W3C provides a collection of suggestions for how
to match success criteria to specific technologies like
HTML, CSS, or PDF. Any number of those ‘techniques’4

may be associated with one success criterion, and one
technique may get referred to from several success cri-
teria.

Two other collections for technology-specific rules
are the ACT Rules [50] and Deque Systems [11]’s aXe
rules. In order to support tool developers, the ACT
Rules Community5, a community group of the W3C,
provides about 90 rules (including deprecated ones), i.e.
descriptions for tests to assess the accessibility of web-
pages (foremost HTML code). Rules are documented
both in human-readable form, including their relation
to WCAG’s success criteria and techniques, and syn-
thetic tests (HTML fragments, typically both positive,
negative, and inapplicable examples). Authors of auto-
mated accessibility checkers may let their tools run the
provided tests and compare the generated results with
the expected outcome. The aXe ruleset provided by
Deque Systems, like the ACT Rules, describes accessi-
bility issues in webpages. Instead of providing test cases
as part of its documentation, Deque Systems provides a
JavaScript library with an implementation of its rules.
About half of the 104 rules (including experimental and
deprecated rules) in the latest version (4.10) map to one
or several ACT Rules and about three quarters map to
WCAG success criteria.

2.2 Automated Web Accessibility
Assessment Tools

The accessibility of a webpage can be assessed through
different means. One approach is to employ human
users that inspect a webpage and try to identify issues.

3Myndigheten för digital förvaltning [34] only provides a textual description.
It is our interpretation which success criteria those descriptions match.
4Later referred to by their identifiers like H71 or G162.
5https://act-rules.github.io/pages/about
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Those users can be either accessibility experts or regu-
lar users who have some disability (e.g. blindness) which
qualifies them to assess a webpage’s accessibility [6, 49].
However, employing human users is costly. Vigo et al
[49] report that evaluating a single webpage can take
up to one hour, depending on the page’s complexity
and number of violations. Human users have also lim-
itations regarding maintaining attention to a task, as
Brajnik [5] observed: ‘The drop in attention that sub-
jects paid to the second evaluation task, probably due
to the longer-than-predicted time required to perform
each evaluation.’

Automated tools provide a popular alternative.
According to a systematic literature study onweb acces-
sibility evaluation methods by Nuñez et al [36], out
of 20 articles nine studies used exclusively automated
tools, five employed both human testers (experts or
users with disabilities) and automated tools, and six
used only human testers. In the related field of usability
evaluation, the advantages of automated evaluation are
listed [26] as time savings, consistency, scalability, and
incorporation in early web design phases.

Automated tools can take different forms such
as semi-automatic when using web browser plug-ins
[19] or fully automatic when using headless browser
instances where the rendered webpage gets inspected
[22]. Whereas it is technically possible to retrieve and
analyze the source code of webpages verbatim, [18, 19]
recommend to evaluate webpages inside a web browser
as it more closely mimics the users’ experience and
web browsers are built to handle the dynamic content
techniques used in webpages.

Despite their popularity, automated tools may not
identify all problems. According to Nuñez et al [36],
experts promise best results if compliance to standards
is required, whereas users with disabilities allow test-
ing how well specific tasks can be performed. Similarly,
AlMeraj et al [2] state that ‘to obtain conclusive results,
adding human judgement to the evaluation process is
important’. Gaggi and Pederiva [20] observe that exist-
ing tools do not cover all possible tests and human
evaluation is still necessary. Furthermore, the authors
predict that ‘evenwith the development of new and bet-
ter technologies and artificial intelligence, the role of
human interaction will continue to be central for acces-
sibility.’ The W3C Web Accessibility Initiative [52] itself
states that ‘tools cannot check all accessibility aspects
automatically’ as they ‘can produce false or misleading
results’. Instead, tools should be used to assist human
experts.

In order to determine which of the 78 success crite-
ria of WCAG 2.1 can be assessed by automated tools or
not, Abu Doush et al [1] tasked three human experts to
evaluate every success criterion in this regard. By their
results, 44% of the success criteria can be automatically
evaluated, for 43% of the criteria tools can only support
human experts but give no reliable answer, and for 13%
the authors predict that tools canmake a reliable assess-
ment. DIGG, the Swedish regulator for public sector
organizations’ web accessibility, states that at most 40%
of all criteria can be checked using automated tools [35].

Some of the limitations of automated tools can be
mitigated by employing several tools. Vigo et al [49]
report that even if using six tools in parallel, half of all
WCAG 2 success criteria are not covered and 6 out of 10
violations get missed, but results can still be improved
‘if the right combination of tools are employed’. Simi-
larly, Ismailova and Inal [24] observe that using only one
tool is inadequate and that ‘most researchers evaluate
the accessibility of websites usingmore than one tool to
increase the validity and reliability of their results.’

Regarding the choice of accessibility assessment
tools, the W3C Web Accessibility Initiative [51] pro-
vides a list of 51 tools. Filter criteria allow to differ
between types of tools like online services to submit
individual URLs, browser plugins, or command line
tools for continuous integration, as well as between dif-
ferent payment/licensingmodels, operating systems, or
file types. According to systematic literature reviews by
Campoverde-Molina et al [9] and Macakoğlu and Peker
[30], the most common automatic conformance check-
ing tools used in recent publications are AChecker,
WAVE, and TAW, but only the first two are included on
the list by W3C Web Accessibility Initiative [51].

3 Research Approach
To address the research questions, a comparative study
is performed which investigates differences in auto-
mated web accessibility checkers when assessing the
accessibility of websites. A first step is to identify which
checkers to consider in this study.

For the selection of web accessibility checkers, the
following selection criteria were applied:

• Must support at least WCAG 2.1, as this revision of
WCAG is part of the ETSI [14] standard EN 301 549
V3.2.1 and thus has legal relevance;

• Must be available under an open source license.
This allows for both assessing how and to which
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extent checks for WCAG’s success criteria are imple-
mented, and imposes fewer practical limitations
when deploying those checkers on-premise;

• Must be able to run on a self-hosted server (i.e. not a
browser plugin), provide amechanism for automated
control, and generate machine-readable result pro-
tocols. This allows for easy deployment and integra-
tion into existing, local infrastructure, reducing the
threshold of deployment of server-side accessibility
checkers. For our study, this allows to automate and
scale investigations to a larger number of webpages
without the inconsistencies and errors expected from
manual human interaction;

• Must be able to be launched, run without errors, and
documentation must be sufficient to address com-
mon problems. A software that fails on those require-
ments is unsuitable for professional deployment.

Based on those criteria, we identified and selected
the following accessibility checking tools:

Pa11y (pa11y.org) is an open source product for acces-
sibility checking which provides both a command line
interface and a web interface. Its latest release at the
time of our comparative study was from April 2022,
newer versions have been released since. Pa11y’s source
code6 is released under the GNU Lesser General Pub-
lic License 3.0. It is developed by a group of individuals
rather than an organization or company.
A11yWatch (a11ywatch.com) is maintained by a com-
pany of the same name, although most of its devel-
opment seems to be driven by a single person. The
company provides a cloud-based accessibility checker
with additional visualization features, but the core func-
tionality of generating reports is available in the open
source version of this product. No versioned release
was available, so the source code as published at the
time of our study was used. A11yWatch’s source code7 is
released under the MIT license, but contains code from
other projects which is licensed differently.
QualWeb (qualweb.di.fc.ul.pt) is an open source prod-
uct published by researchers from the University of
Lisbon. It provides both a command line interface and
a browser plugin, and the latter was used in Chadli et al
[10]. Similarly like for A11yWatch, the source code8 as
published at the time of our study was used. QualWeb
is released under the ISC License.

6https://github.com/pa11y/pa11y
7https://github.com/a11ywatch/kayle
8https://github.com/qualweb/

All tools are written in JavaScript or related languages
and use a headless Chromium web browser engine to
load and evaluate a given webpage, i.e. not static HTML
or CSS files were evaluated, but the DOM data struc-
ture [54] as built by a real-world browser engine. Each
of those tools make use of several underlying ‘engines’
for the actual analysis of websites. Pa11y makes use of
two engines:

HTML Code Sniffer (HTMLCS) (squizlabs.github.io/
HTML_CodeSniffer) is a conformance checker appli-
cation and library that supports both WCAG 2.1 and
U.S. Section 508 [46]. The latest release, 2.5.1, used in
Pa11y, is from January 2021. This engine is released
under the BSD 3-clause ‘new’ or ‘revised’ license.
aXe core (www.deque.com/axe) is a conformance
checker engine actively maintained by Deque Systems.
Pa11y makes use of an older release from October 2021,
whereas the latest is from July 2024. The underlying
aXe engine is also used in other accessibility checking
tools not considered in this study [19]. This engine is
released under the Mozilla Public License 2.0.

The developers of A11yWatch make use of the
same engines, but maintain their own forks which are
claimed to be faster, contain fewer bugs, and were
migrated9 from JavaScript to TypeScript [4], but have
since diverged from the upstream projects while still
being released under the same licenses:

Fast HTMLCS is a fork (April 2023) of the original
HTMLCS code.
Fast aXe is a fork (April 2023) of the then-current
aXe core version 4.6.3, but without indication that
recent changes in Deque System’s upstream code have
been incorporated.

Finally, the QualWeb accessibility checker imple-
ments its two own engines:

WCAG Techniques (WCAG) focuses on implementing
about one tenth of all ‘techniques’ as specified by
WCAG.
ACT Rules (ACT) implements a subset of the ACT
Rules Community’s rules, but uses a different num-
bering scheme (‘R’ followed by a number) than the
Community.

9For example, in commits 27f0c1c17beb8f6f and 228017660dbf5b6a.
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For the remainder of thismanuscript, we use a com-
bination of tool name and engine name to refer to a spe-
cific combination thereof. For example ‘A11yWatch/aXe’
refers to the aXe engine used by the A11yWatch tool.

The list of evaluation tools provided by the W3C
Web Accessibility Initiative [51] includes QualWeb as
the only tool that is free to use without limitations and
for which the source code is available. This list does
not include the other tools we considered in this study,
despite the fact that they wouldmatch the same criteria.

In an overview of automated evaluation tools pre-
sented by [1] covering publications between 2015 and
2020, the authors identify two publications each of the
engine aXe and the tools Pa11y and QualWeb. The only
publication in English we are aware of that discussed
A11yWatch is [43] where this tool is praised for its ‘effec-
tiveness in detecting Operability violations’.

For our analysis, we retrieved a list of URLs to web-
sites of Swedish Public Sector Organizations and ana-
lyzed the webpages shownwhen following those URLs.
Focusing on ‘landing pages’ is a common approach
in website accessibility research [19, 28, 31, 32, 38,
49]. National public sector organizations’ addresses
were retrieved from Statistics Sweden’s list of national
administrative authorities10. From the Swedish Associ-
ation of Local Authorities and Regions, both a list over
municipalities and regional authorities11, respectively,
was retrieved. In total, 553 uniqueURLswere identified.
Not all PSOs operate their own websites. For exam-
ple, four PSOs have ‘websites’ in subdirectories under
regeringen.se. Eventually, wewere able to visit 550web-
pages. The discrepancy to the list of collected URLs
is due to several reasons, including outdated or mis-
spelled URLs, unreachable web servers, or other techni-
cal issues. In the systematic literature review conducted
in Macakoğlu and Peker [30], among 72 studies mak-
ing use of automated accessibility checkers the median
number of websites analyzed is 41 and the maximum
549 websites.

We focus on Swedish Public Sector Organizations’
webpages as they are under legal obligation to address
accessibility issues. We assume that those organizations
have already resolved accessibility issues that are easy to
locate, so any remaining issues are probably harder to
detect, and tools are expected to disagree whether cer-
tain issues exist or not. The resulting discussion of the
disagreements is a core aspect of our study.

10https://myndighetsregistret.scb.se/
11https://catalog.skl.se/catalog/1/datasets/38, https://catalog.skl.se/catalog/

1/datasets/55

Concerning the use of web accessibility checkers,
each of the six combinations of tools and engines was
launched once for every URL collected earlier. As each
invocation generated its own log file, for every inves-
tigated URL, six log files in tool-specific formats were
generated. Time limits for the analysis were disabled or
set to large values. The tools were instructed to check
for WCAG rules of level AAA (applicable only for Pa11y
and A11yWatch) and write log files in JSON format. The
log files were then analyzed to extract the metadata of
reported violations such as which success criteria were
concerned and which checks or rules raised the viola-
tions. Reported warnings were ignored in the following
analysis.

In a pre-study, we observed tools failing to pro-
duce valid reports in some test scenarios, by raising
exceptions during the analysis or generating syntacti-
cally incorrect JSON documents. After reporting those
issues to the tools’ authors, the issues got fixed and we
used the updated versions for this study. None of the
issues concerned the validity of the violations reported
by the tools.

All tools were run in Linux containers based on
images retrieved from Docker Hub12. For A11yWatch,
official images are available13 and were used. For both
Pa11y andQualWeb, custom containers were built based
onNode.js’ official ‘slim’ image14 where Pa11y and Qual-
Web were installed via the Node.js package manager
(npm) from packages available at npmjs.com15. Further
customizations were made to simplify the process of
generating log files based on supplied URLs to scan.
Collected log files were further processed and aggre-
gated through a number of custom-built Python scripts.

4 Conformance to WCAG for
Webpages of Public Sector
Organizations

In order to answer RQ 1 (‘What characterizes the con-
formance of Swedish Public SectorOrganizations’ web-
pages to WCAG as assessed by automated tools?’), we
counted the number of unique success criteria for
which violations were reported by the automated con-
formance checking tools. We did not consider how
often a violation for a given success criterion was

12https://hub.docker.com/
13https://hub.docker.com/r/a11ywatch/a11ywatch
14https://hub.docker.com/_/node
15https://www.npmjs.com/package/pa11y

https://www.npmjs.com/package/@qualweb/cli
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Fig. 1 Number of uniqueWCAG success criteria violated per page as
identified by each accessibility checker. Case ‘Merged’ aggregates the
results of the six tools to the left. Box plot is in Tukey style.

reported on a given page, as this would bias results
towards success criteria that are repeatedly violated
similarly through awebpage, for example color contrast
issues.

Figure 1 visualizes the results. For all conformance
checker tools except for QualWeb/WCAG, not more
than 9 unique success criteria are violated per page,
with a median value of at most two. QualWeb/WCAG
reports higher numbers than the other tools: for three
webpages, 14 success criteria got violated, the median is
8 violated success criteria. For context, the number of
success criteria for various WCAG versions range from
61 to 86.

Merging all six tools’ reported success criterion vio-
lations and categorizing them by level (A, AA, or AAA)
instead of by tool, as per median four success criteria
of level A are violated per page, two criteria of level
AA, and four of level AAA (Figure 2). For context, the
number of success criteria for each level in WCAG 2.1
are 31, 24, and 31, respectively, meaning that for each of
the three levels about 13% of the corresponding success
criteria are reported as violated as per median.

Both for Figure 1 and 2, the last case (‘Merged’) is a
combination of all reported violations: the number of
unique violated success criteria ranges from 0 to 17 per
page, with a median value of 11.

Table 1 uses the same data (success criteria viola-
tion from all six tools merged) and shows the most
commonly identified violations by number of webpages
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Fig. 2 Number of unique WCAG success criteria violated as iden-
tified by each accessibility checker, accumulated over all processed
webpages.

Level Most common success criteria

A 1.3.1 (434), 4.1.2 (370), 2.4.1 (329), 2.4.4 (323), 1.1.1 (133)
AA 1.4.3 (501), 1.4.4 (485), 1.4.5 (484), 2.4.7 (120), 3.1.2 (6)
AAA 1.4.6 (511), 1.4.8 (502), 1.4.9 (484), 2.4.9 (316), 2.4.10 (137)

Table 1 For each of the three levels, the five most often (by
number of pages) violated success criteria are shown.

where at least one violation for a given success criterion
was identified, categorized by level (A, AA, or AAA). In
absolute numbers, criterion 1.4.6 (level AAA, enhanced
contrast of text against its background) and the closely
related criterion 1.4.3 (level AA, minimum contrast of
text against its background) are the most often vio-
lated criteria, concerning 92.9% and 91.0%, respectively,
of all webpages. Other often violated criteria include
1.4.8 (level AAA, ability to resize text without problems,
91.2%), 1.4.5 (level AA, ability to bypass blocks, for exam-
ple page headers, 88.0%), 1.4.9 (level AAA, avoidance of
text in an image instead of just plain text, 88.0%), and
1.3.1 (level A, the document’s visual structure matches
the structure as can be derived from the source code
itself, 78.9%).

Table 2 lists the median number of unique success
criteria reported being violated per page if one or sev-
eral engines are used in combination,meaning if a selec-
tion of tools is applied to a number of pages, the number
of unique success criteria being reported as violatedwill
be above or below, respectively, for half of all pages. The
first case (‘Using only one engine’) corresponds to the
data visualized in Figure 1.
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If combining the results of several engines analyz-
ing the same webpage and then counting the num-
ber of unique success criteria being reported as vio-
lated, it becomes apparent that if QualWeb/WCAG is
included in a combination, this results in highermedian
values compared to combinations where this tool is
not included. In the case of five engines, the single
case where all engines are combined except for Qual-
Web/WCAG results in a median value of 4, but all other
cases that do include QualWeb/WCAG report 10 or
more violated success criteria.

Combining an increasing number of engines
brings only limited increases to the number of
reported violations. Combining QualWeb/WCAG with
Pa11y/HTMLCS results in a median value of 10 differ-
ent success criteria reported being violated, but adding
more engines (for example, all except QualWeb/ACT)
only results in 11 unique success criteria reported being
violated.

The case of combining two engines allows inves-
tigating combinations where both engines used in the
same product (A11yWatch, Pa11y, and QualWeb, respec-
tively) can be compared against each other. In line with
previous observations, both QualWeb engines com-
bined result in a median value 8, indicating the con-
tribution of the QualWeb/ACT engine in comparison
to QualWeb/WCAG is only marginal. For the other
two pairings, the only pairing resulting in an increased
median value is the combination of both Pa11y engines,
combining the reported median values of 2 and 1,
respectively, to a median value of 3.

To further investigate where the six engines dis-
agree in their assessments, the number of unique suc-
cess criteria reported as violated by only one engine
were counted where no other engine reported the
same success criterion violation on the same webpage.
Table 3 summarizes this investigation. As described
above, QualWeb/WCAG reported the most violations
of success criteria, which also reflects here. As per
median, QualWeb/WCAG reports violations of 6 suc-
cess criteria for every page which are not reported by
any of the other five engines. The most often reported
violations only reported by this tool only include suc-
cess criteria from guideline 1.4 (‘distinguishable’): 1.4.5,
1.4.8, and 1.4.9. Visualized in greater detail in Figure 3,
this engine reported violations for six out of 13 success
criteriawithin this guideline. The only other engine that
reaches a positive median value in Table 3 is Pa11y/aXe,
for which the median value is 1. Here, the most often
reported violation is about success criterion 1.4.3 (color
contrast).

The answer to RQ 1 (‘What characterizes the con-
formance of Swedish Public SectorOrganizations’ web-
pages to WCAG as assessed by automated tools?’) is
that typical PSO websites are generally homogeneous.
Although there exist two extreme outliers with 17 dif-
ferent success criteria violated and one outlier with no
success criterion violated (in both cases when merg-
ing results from six automatic conformance checking
tools), the quartiles are always within ± 2 of the median
value for all scenarios visualized in Figures 1 and 2. This
means that there is a considerable group ofwebsites that
show a similar number of issues, irrespective of filtered
by automated accessibility tool or WCAG level.

In general, for about 30% of the success criteria
(superset of all criteria of WCAG 2.x), at least one
engine reported a violation for at least one webpage.
For another 10% of the success criteria, at least one
engine provided an implementation of a check, but no
violation was reported.

The websites are not only similar in number of
unique success criteria that got violated, but also in
which success criteriamost often got violated according
to the used tools. Table 1 documents that the majority of
violated success criteria are part of Guideline 1.4 (‘Dis-
tinguishable’) which concerns visual and audio checks
so that users can discern information (for example,
text) from its surrounding (for example, background) or
Guideline 2.4 (‘Navigable’) which concerns page navi-
gation including finding content, and determining the
current location (for example, focus).

5 Coverage of WCAG by Automatic
Conformance Checking Tools

In order to answer RQ 2 (‘To what extent do automated
web accessibility assessment tools cover recommenda-
tions from current WCAG versions?’), we investigated
both the tools’ source code as well as their results when
assessing websites of Swedish Public Sector Organiza-
tions.

Locations of source code or rule files were deter-
mined as follows. For A11yWatch/HTMLCS and
Pa11y/HTMLCS, there is one source code file per
success criterion and source code files’ URLs can be
reconstructed from success criterias’ identifiers as
shown in Table 4. For A11yWatch/aXe and Pa11y/aXe,
source code files are named after the corresponding
rules’ ids (e.g. link-name). By mapping existing source
code files to the corresponding aXe rule and then to the
corresponding WCAG success criteria (documented
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Combination of engines Median

Using only one engine

QualWeb/WCAG 8.0
A11yWatch/HTMLCS 2.0
Pa11y/HTMLCS 2.0
A11yWatch/AXE 1.0
Pa11y/AXE 1.0
QualWeb/ACT 0.0

Using two engines

Pa11y/HTMLCS, QualWeb/WCAG 10.0
A11yWatch/HTMLCS, QualWeb/WCAG 9.0
A11yWatch/AXE, QualWeb/WCAG 9.0

QualWeb/ACT, QualWeb/WCAG 8.0
Pa11y/AXE, Pa11y/HTMLCS 3.0
A11yWatch/AXE, A11yWatch/HTMLCS 2.0

A11yWatch/HTMLCS, Pa11y/HTMLCS 2.0
A11yWatch/AXE, Pa11y/AXE 2.0
A11yWatch/AXE, QualWeb/ACT 1.0

Using three engines

A11yWatch/HTMLCS, Pa11y/AXE, QualWeb/WCAG 10.0
A11yWatch/AXE, A11yWatch/HTMLCS, QualWeb/WCAG 10.0
A11yWatch/HTMLCS, Pa11y/HTMLCS, QualWeb/WCAG 10.0

A11yWatch/AXE, Pa11y/HTMLCS, QualWeb/ACT 3.0
A11yWatch/AXE, A11yWatch/HTMLCS, QualWeb/ACT 2.0
A11yWatch/AXE, Pa11y/AXE, QualWeb/ACT 2.0

Using four engines

A11yWatch/AXE, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/WCAG 10.5
A11yWatch/AXE, A11yWatch/HTMLCS, QualWeb/ACT, QualWeb/WCAG 10.0
A11yWatch/AXE, Pa11y/HTMLCS, QualWeb/ACT, QualWeb/WCAG 10.0

A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, Pa11y/HTMLCS 4.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, QualWeb/ACT 3.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/HTMLCS, QualWeb/ACT 3.0

Using five engines

A11yWatch/AXE, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/ACT, QualWeb/WCAG 11.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/WCAG 11.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, QualWeb/ACT, QualWeb/WCAG 10.0
A11yWatch/HTMLCS, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/ACT, QualWeb/WCAG 10.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/HTMLCS, QualWeb/ACT, QualWeb/WCAG 10.0
A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/ACT 4.0

Using six engines

A11yWatch/AXE, A11yWatch/HTMLCS, Pa11y/AXE, Pa11y/HTMLCS, QualWeb/ACT, QualWeb/WCAG 11.0
Table 2 Median values over the number of unique success criteria reported as violated per page per combination of engines. The numbers for
‘only one engine’ correspond to the median bars in Figure 1. For the cases of only one engine and five engines, all possible combinations are
shown. For the case of two engines combined, the three best-performing combinations, the three combinations with both engines from the same
product, and the three worst-performing combinations are shown. For the cases of combining three or four engines, the three best-performing
combinations and the three worst-performing combinations are shown.
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Engine Median Most common success criteria

QualWeb/WCAG 6.0 1.4.8 (502), 1.4.5 (484), 1.4.9 (484)
Pa11y/AXE 1.0 1.4.3 (266), 4.1.2 (22), 1.2.2 (18)
A11yWatch/AXE 0.0 4.1.2 (54), 1.4.1 (11), 4.1.1 (9)
A11yWatch/HTMLCS 0.0 4.1.2 (13), 1.1.1 (8), 1.3.1 (4)
Pa11y/HTMLCS 0.0 1.4.6 (65), 3.2.2 (61), 2.4.8 (49)
QualWeb/ACT 0.0 2.4.9 (17), 1.3.1 (2), 2.4.4 (2)

Table 3 For each of the six engines, the median over the number of
unique success criteria violated per page which were not reported by
any other engine, followed by the three most common violated
success criteria reported only by this engine. The number of
concerned webpages is in parentheses.

in each aXe rule’s description), WCAG coverage was
determined. Pa11y/aXe makes direct use of aXe core
library version 4.2.4, A11yWatch maintains its own
copy based on aXe core library version 4.6.3. Whereas
the HTMLCS engines have only one file per success
criterion (supported by a collection of shared utility
functions), aXe’s implementation uses a larger number
of files to implement checks: For example, aXe 4.6.3
has 22 distinct rules that relate to WCAG success crite-
rion 4.1.2, and aXe rule frame-title as one of those
rules is implemented across 10 JSON and TypeScript
files. For both QualWeb/ACT and QualWeb/WCAG, a
similar approach was taken, mapping from QualWeb’s
internal numbering scheme (for example, R33 or T8)
to ACT rules or WCAG techniques, respectively, and
then to WCAG success criteria. Similar to aXe rules,
for both QualWeb engines rules and techniques can
map to one or several success criteria, and one success
criterion can be mapped to several rules/techniques.
For example, QualWeb/WCAG’s techniques T3 and T17
map via WCAG techniques H71 and G162, respectively,
both to success criteria 1.3.1 and 3.3.2.

All links to Git repositories contain the commit ids
or tags referring to the versions used in this study’s
investigation.

Figure 3 shows the results of the six tools’ coverage
of success criteria based on a source code analysis and
the issues reported when assessing the set of websites
of Swedish Public Sector Organizations. All WCAG 2
success criteria are included in this figure, despite that
some criteria got added only in later revisions and suc-
cess criterion 4.1.1 got marked as obsolete16 as ofWCAG
2.2.

For a given row (success criterion) and a column
(conformance checking tool and engine), one of four
cases applies:

16https://www.w3.org/WAI/standards-guidelines/wcag/faq/#parsing411
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Fig. 3 Coverage of WCAG success criteria by accessibility checkers.
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mean that the checker identified a violation of the corresponding
success criterion on at least one webpage.
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https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T24.ts
https://www.w3.org/WAI/WCAG22/Understanding/focus-appearance.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_1.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_1.js
https://www.w3.org/WAI/WCAG22/Understanding/pointer-gestures.html
https://www.w3.org/TR/WCAG22/#navigable
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_2.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_2.js
https://www.w3.org/WAI/WCAG22/Understanding/pointer-cancellation.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/label-content-name-mismatch.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_3.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/label-content-name-mismatch.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_3.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R30.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T17.ts
https://www.w3.org/WAI/WCAG22/Understanding/label-in-name.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_4.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_4.js
https://www.w3.org/WAI/WCAG22/Understanding/motion-actuation.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_5.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_5.js
https://www.w3.org/WAI/WCAG22/Understanding/target-size-enhanced.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_6.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_5/2_5_6.js
https://www.w3.org/WAI/WCAG22/Understanding/concurrent-input-mechanisms.html
https://www.w3.org/WAI/WCAG22/Understanding/dragging-movements.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/target-size.json
https://www.w3.org/WAI/WCAG22/Understanding/target-size-minimum.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/html-xml-lang-mismatch.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_1.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/html-lang-valid.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_1.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R2.ts
https://www.w3.org/WAI/WCAG22/Understanding/language-of-page.html
https://www.w3.org/TR/WCAG22/#input-modalities
https://www.w3.org/TR/WCAG22/#operable
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/valid-lang.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_2.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/valid-lang.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_2.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R22.ts
https://www.w3.org/WAI/WCAG22/Understanding/language-of-parts.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_3.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_3.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T34.ts
https://www.w3.org/WAI/WCAG22/Understanding/unusual-words.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_4.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_4.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T7.ts
https://www.w3.org/WAI/WCAG22/Understanding/abbreviations.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_5.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_5.js
https://www.w3.org/WAI/WCAG22/Understanding/reading-level.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_6.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_6.js
https://www.w3.org/WAI/WCAG22/Understanding/pronunciation.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_1.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_1.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T24.ts
https://www.w3.org/WAI/WCAG22/Understanding/on-focus.html
https://www.w3.org/TR/WCAG22/#readable
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_2.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_2.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T19.ts
https://www.w3.org/WAI/WCAG22/Understanding/on-input.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_3.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_3.js
https://www.w3.org/WAI/WCAG22/Understanding/consistent-navigation.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_4.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_4.js
https://www.w3.org/WAI/WCAG22/Understanding/consistent-identification.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/meta-refresh-no-exceptions.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_5.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/meta-refresh.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_5.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R71.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T22.ts
https://www.w3.org/WAI/WCAG22/Understanding/change-on-request.html
https://www.w3.org/WAI/WCAG22/Understanding/consistent-help.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_1.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_1.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R41.ts
https://www.w3.org/WAI/WCAG22/Understanding/error-identification.html
https://www.w3.org/TR/WCAG22/#predictable
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/form-field-multiple-labels.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_2.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/form-field-multiple-labels.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_2.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T3.ts
https://www.w3.org/WAI/WCAG22/Understanding/labels-or-instructions.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_3.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_3.js
https://www.w3.org/WAI/WCAG22/Understanding/error-suggestion.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_4.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_4.js
https://www.w3.org/WAI/WCAG22/Understanding/error-prevention-legal-financial-data.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_5.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_5.js
https://www.w3.org/WAI/WCAG22/Understanding/help.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_6.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_3/3_3_6.js
https://www.w3.org/WAI/WCAG22/Understanding/error-prevention-all.html
https://www.w3.org/WAI/WCAG22/Understanding/redundant-entry.html
https://www.w3.org/WAI/WCAG22/Understanding/accessible-authentication-minimum.html
https://www.w3.org/WAI/WCAG22/Understanding/accessible-authentication-enhanced.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/duplicate-id-aria.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_1.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/duplicate-id-active.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_1.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R18.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T16.ts
https://www.w3.org/WAI/WCAG21/Understanding/parsing.html
https://www.w3.org/TR/WCAG22/#input-assistance
https://www.w3.org/TR/WCAG22/#understandable
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/label.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_2.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/aria-roles.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_2.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R19.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T26.ts
https://www.w3.org/WAI/WCAG22/Understanding/name-role-value.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_3.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle4/Guideline4_1/4_1_3.js
https://www.w3.org/WAI/WCAG22/Understanding/status-messages.html
https://www.w3.org/TR/WCAG22/#compatible
https://www.w3.org/TR/WCAG22/#robust


Accessibility checker URL for source code or rule file

A11yWatch/aXe https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/
rules/axeruleid.json

A11yWatch/HTMLCS https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/
WCAG2AAA/Sniffs/Principlei/Guidelinei_j/i_j_k.js

Pa11y/aXe https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/
axeruleid.json

Pa11y/HTMLCS https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/
Standards/WCAG2AAA/Sniffs/Principlei/Guidelinei_j/i_j_k.ts

QualWeb/ACT https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/
qualwebactruleid.ts

QualWeb/WCAG https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/
techniques/qualwebwcagtechniqueid.ts

Table 4 URLs to check for source code or rule files for coverage of success criteria. Variables i, j, and k stand for principle, guideline, or success
criterion number, respectively. Tools may use multiple source, rule, and configuration files that constitute a check for a success criterion, but
only one URL is shown here and used as link in Figure 3.

1. Neither the tool reported a violation of this suc-
cess criterion on any webpage nor could a source
code or rule file in this tool checking for this success
criterion be identified. Used symbol:

2. There is a source code file, but it does not perform
any checks that may raise a violation, for example
is a placeholder for future implementations or only
warnings are issued. Used symbol:

3. At least one source code or rule file for this tool
and success criterion got identified and contained
a code path that could report a violation of a suc-
cess criterion, but no violation got reported by this
tool/engine on any webpage. Used symbol:

4. Extending case 3, but at least one violation of the
corresponding success criterionwas reported by this
tool/engine. Used symbol:

Table 5 summarizes the observed coverage as mea-
sured by reported violations and implementations
located in source code, respectively, by any engine for
a given success criterion. The upper half of the table
groups success criteria by the WCAG level (A, AA, or
AAA), the lower half groups them by their principle
(‘perceivable’, ‘operable’, ‘understandable’, ‘robust’). For
the WCAG levels, level A success criteria are expected
to be fulfilled by accessible websites and in order to
support this effort, automated checkers should cover
those success criteria, but only for 53% of the success
criteria are violations reported, and for two more cri-
teria implementations of checks exist (7%), leaving 40%
of all level A success criteria uncovered by automated
tools. The other two levels have even lower coverage,

leaving 55% of level AA and 57% of level AAA, respec-
tively, uncovered. Regarding the four principles, the
three ‘large’ principles have between 47% and 52% of
their criteria uncovered, excluding the fourth principle
(‘robust’) with only three criteria.

In total 31 out of 78 success criteria (44.8%) are not
covered by any engine. Furthermore, for eight success
criteria (1.3.4, 1.4.2, 1.4.12, 2.1.3, 2.2.2, 2.5.3, 3.1.4, and 3.1.6;
10.2%), implementations of checks exist, but no viola-
tions were reported for the set of webpages analyzed in
this study.

For some success criteria, only single engines
reported violations. A11yWatch/aXewas the only engine
reporting a violation of success criterion 1.4.1, Pa11y/aXe
was the only engine reporting a violation of success cri-
terion 1.2.2, QualWeb/ACT reported violations for 2.2.1,
2.2.4, and 3.2.5, and QualWeb/WCAG reported on suc-
cess criteria 1.4.5, 1.4.8, 1.4.9, 2.4.5, 2.4.7, 2.4.10, 3.1.3 and
3.3.2.

6 Performance of Tools and
Engines

The reported number of unique success criteria violated
by webpages (filled boxes: ) is in the range of 11 to 13
(in Figure 3, number of black boxes per column) for all
tools and engines except for QualWeb/WCAG, which
reports violations for 21 out of 87 success criteria. This
high number for the latter tool/engine required an anal-
ysis, done by comparing it toQualWeb/ACTwithwhich
it shares a similar design but which does report counts
of violations more similar to the other tools/engines.
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https://www.w3.org/WAI/WCAG22/Understanding/orientation.html
https://www.w3.org/WAI/WCAG22/Understanding/audio-control.html
https://www.w3.org/WAI/WCAG22/Understanding/text-spacing.html
https://www.w3.org/WAI/WCAG22/Understanding/keyboard-no-exception.html
https://www.w3.org/WAI/WCAG22/Understanding/pause-stop-hide.html
https://www.w3.org/WAI/WCAG22/Understanding/label-in-name.html
https://www.w3.org/WAI/WCAG22/Understanding/abbreviations.html
https://www.w3.org/WAI/WCAG22/Understanding/pronunciation.html
https://www.w3.org/WAI/WCAG22/Understanding/use-of-color.html
https://www.w3.org/WAI/WCAG22/Understanding/captions-prerecorded.html
https://www.w3.org/WAI/WCAG22/Understanding/timing-adjustable.html
https://www.w3.org/WAI/WCAG22/Understanding/interruptions.html
https://www.w3.org/WAI/WCAG22/Understanding/change-on-request.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text.html
https://www.w3.org/WAI/WCAG22/Understanding/visual-presentation.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text-no-exception.html
https://www.w3.org/WAI/WCAG22/Understanding/multiple-ways.html
https://www.w3.org/WAI/WCAG22/Understanding/focus-visible.html
https://www.w3.org/WAI/WCAG22/Understanding/section-headings.html
https://www.w3.org/WAI/WCAG22/Understanding/unusual-words.html
https://www.w3.org/WAI/WCAG22/Understanding/labels-or-instructions.html


Level or
principle

Success criteria where viola-
tions got reported

Success criteria with source
code coverage but without
reported violations

Success criteria without
source code coverage or
reported violations

A 1.1.1, 1.2.1, 1.2.2, 1.3.1, 1.4.1, 2.1.1,
2.2.1, 2.4.1, 2.4.2, 2.4.4, 3.1.1,
3.2.1, 3.2.2, 3.3.2, 4.1.1, 4.1.2
(53.3%)

2.2.2, 2.5.3 (6.7%) 1.2.3, 1.3.2, 1.3.3, 1.4.2, 2.1.2,
2.1.4, 2.3.1, 2.4.3, 2.5.1, 2.5.2,
2.5.4, 3.3.1 (40.0%)

AA 1.3.5, 1.4.3, 1.4.4, 1.4.5, 2.4.5,
2.4.7, 3.1.2 (35.0%)

1.3.4, 1.4.12 (10.0%) 1.2.4, 1.2.5, 1.4.10, 1.4.11, 1.4.13,
2.4.6, 3.2.3, 3.2.4, 3.3.3, 3.3.4,
4.1.3 (55.0%)

AAA 1.4.6, 1.4.8, 1.4.9, 2.2.4, 2.4.8,
2.4.9, 2.4.10, 3.1.3, 3.2.5 (32.1%)

2.1.3, 3.1.4, 3.1.6 (10.7%) 1.2.6, 1.2.7, 1.2.8, 1.2.9, 1.3.6,
1.4.7, 2.2.3, 2.2.5, 2.2.6, 2.3.2,
2.3.3, 2.5.5, 2.5.6, 3.1.5, 3.3.5,
3.3.6 (57.1%)

Perceivable 1.1.1, 1.2.1, 1.2.2, 1.3.1, 1.3.5, 1.4.1,
1.4.3, 1.4.4, 1.4.5, 1.4.6, 1.4.8,
1.4.9 (41.4%)

1.3.4, 1.4.12 (6.9%) 1.2.3, 1.2.4, 1.2.5, 1.2.6, 1.2.7,
1.2.8, 1.2.9, 1.3.2, 1.3.3, 1.3.6,
1.4.2, 1.4.7, 1.4.10, 1.4.11, 1.4.13
(51.7%)

Operable 2.1.1, 2.2.1, 2.2.4, 2.4.1, 2.4.2,
2.4.4, 2.4.5, 2.4.7, 2.4.8, 2.4.9,
2.4.10 (37.9%)

2.1.3, 2.2.2, 2.5.3 (10.3%) 2.1.2, 2.1.4, 2.2.3, 2.2.5, 2.2.6,
2.3.1, 2.3.2, 2.3.3, 2.4.3, 2.4.6,
2.5.1, 2.5.2, 2.5.4, 2.5.5, 2.5.6
(51.7%)

Understand-
able

3.1.1, 3.1.2, 3.1.3, 3.2.1, 3.2.2,
3.2.5, 3.3.2 (41.2%)

3.1.4, 3.1.6 (11.8%) 3.1.5, 3.2.3, 3.2.4, 3.3.1, 3.3.3,
3.3.4, 3.3.5, 3.3.6 (47.1%)

Robust 4.1.1, 4.1.2 (66.7%) 4.1.3 (33.3%)
Table 5 Coverage of WCAG 2.1 success criteria grouped by either level (A, AA, and AAA) or principle (‘perceivable’, ‘operable’, ‘understandable’,
and ‘robust’) assessed by whether at least one engine reported a violation on at least one webpage, whether at least one engine offers an
implementation of a check in its source code, or if neither implementation nor reported violations are known for a criterion. Percent values
describe the distribution of success criteria per row.

QualWeb/ACT reported on average 0.76 of its 64 ACT
rules as failed per webpage, which caused 0.98 success
criteria on average being reported as violated. In con-
trast, QualWeb/WCAG reported on average 3.4 of its
33 WCAG techniques as failed, corresponding to 7.49
success criteria on average as being reported as violated.

Despite that A11yWatch and Pa11y both use the
same two underlying engines, there are minor differ-
ences as different versions of the engines are used.
Both HTMLCS engines report almost the same results,
except for one success criterion each, where one engine
reports a violation but not the other one. In the case of
success criterion 1.3.5, there was only one page where
A11yWatch/HTMLCS found an issue; Pa11y/HTMLCS
did not find any violations for this criterion. An
ocular comparison of both implementations did not
reveal obvious differences; however, both implementa-
tions differ as the A11yWatch project had the original
JavaScript code refactored into TypeScript. In the case

of criterion 2.4.8, the different results may be due to
changes made in Boolean expressions (for example, !𝑥
versus 𝑥===false).

For the aXe engines, A11yWatch reports issues found
for four success criteria where Pa11y does not, and
Pa11y reports issues for three success criteria where
A11yWatch does not. Differences are due to the use of
DOM properties textContent instead of innerText
(the former includes invisible text, for example), map-
ping checks to different WCAG success criteria, dif-
ferent computations of elements’ sizes and visibility,
excluding or not the root html element (which tech-
nically has no text) from checking whether it has a
lang attribute, whether hidden web page elements are
excluded from checks, and other fixes and changes
made between aXe core versions 4.2 and 4.6. An analy-
sis of the violation of clause 1.2.1 recorded by Pa11y/aXe
showed that it was due to encountering a captcha (with
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an audio-based alternative), which A11yWatch/aXe did
not encounter when scanning the same webpage.

Regarding the number of success criteria poten-
tially covered by source code, but for which no viola-
tions got reported, a different distribution is shown: For
QualWeb/ACT and QualWeb/WCAG, 18 and 6, respec-
tively, success criteriamay be covered in source code (in
Figure 3, number of empty boxes per column), even if
no violations were found when analyzing the webpages
in our study. For the two engines A11yWatch/HTMLCS
and Pa11y/HTMLCS, five source code files with proper
checks could be identified each, with the only differ-
ence in success criteria 1.3.5 and 2.4.8, where one tool
each reported violations (see above) and the other tool
at least provides source code that could signal viola-
tions. Regarding the two aXe engines, A11yWatch/aXe
provides checks for two success criteria not covered by
Pa11y/aXe: For success criterion 1.4.6, a dedicated check
got only introduced in aXe core 4.4 and as such is not
included in Pa11y/aXe (based on aXe core 4.2). Similarly,
a check for success criterion 2.5.8 got only introduced
in aXe core 4.5.

In summary, to answer RQ 2 (‘To what extent do
automatedweb accessibility assessment tools cover rec-
ommendations from current WCAG versions?’), we
measured coverage by whether violations got reported
by any tool for a given success criterion when analyzing
our set of webpages. Even if combining all six engines’
results, the coverage if measured by reported violations
is at most half of all success criteria per level or princi-
ple: only for level A, this coverage is reached, for other
selections of success criteria (levels AA or AAA or any
of the larger three principles) the coverage is as low as
32%.

Five out of six engines cover about 12 success cri-
teria each, except for QualWeb/WCAG reporting viola-
tions for 21 success criteria. There are only three success
criteria for which all engines report violations, but 53
for which no engine reports violations.

7 Differences between Engines per
Success Criterion

In order to answer RQ 3 (‘How can agreements and dis-
agreements among web accessibility assessment tools
be explained?’), we deepened the previous investigation
of the tools’ source code as well as their results, i.e. the
tools/engines’ performance and source code regarding
specific success criteria. Success criteria get discussed in

the order from where all/most engines provide imple-
mentations of checks to criteria where few/no engines
provide implementations. A secondary sorting criterion
is how many engines report violations on webpages.
Selected rows from Figure 3 are shown to visualize
which success criteria are discussed.

7.1 Success Criteria for which All
Engines report Violations

A111
A131
A214

For success criteria 1.1.1, 1.3.1, and 4.1.2, all level A,
all combinations of accessibility checkers and engines
report violations.

Success criterion 1.1.1 describes the requirement
of providing text alternatives to non-text content.
Whereas all engines find violations of this success cri-
terion on several webpages, they differ in how alleged
violations got identified: Both aXe engines implement
checks for meter and progress bars, images, buttons
with images, and objects. aXe core starting in version
4.5 removed check area-alt (‘Active <area> elements
must have alternate text’) from being a requirement for
passing criterion 1.1.1. This removal and other changes
made between aXe core versions 4.2 to 4.6 and any fur-
ther changes applied by the A11yWatch project explain
most differences. For both variants of the aXe engine,
check image-alt (‘Images must have alternate text’)
reports the most violations (by number of webpages).
Differences between both HTMLCS engines are in part
due to differences in a utility function that tests for
emptiness of a string, resulting in different assess-
ments in higher-level functions. For example, Pa11y’s
HTMLCS interprets alt="" (a null alt attribute) in an
img tag nested in an a tag as a violation of WCAG tech-
nique H30 and thus of success criterion 1.1.1, whereas
A11yWatch’s HTMLCS engine interprets this case as a
potential issue with technique H67, where a null alt
attribute signals that the image may get ignored by
assistive technologies, and thus A11yWatch only issues
a warning. QualWeb/WCAG finds violations on web-
pages where no other engine does due to its interpre-
tation that providing inside an a element the same text
both for the alt attribute of a nested image and as
plain text next to the image is a violation of WCAG
technique H2 (checked in T10) and thus this success cri-
terion, and that alt attributes consisting only of digits
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are not proper text alternatives for images (WCAG tech-
nique F30, QualWeb/WCAG technique T8). For Qual-
Web/ACT, check R17 (‘Image has non-empty accessible
name’) is the check which finds the most issues. The
check is similar to other engines’ checks on images’
accessible names and does not find issues that are not as
well covered by other engines.

Success criterion 1.3.1 requires that visual or audi-
torial ‘information, structure, and relationships’ needs
to be encoded machine-readable or textual. There are a
number of checks possible for engines to implement, for
example whether table headings’ cells differ from nor-
mal table cells not just by color, but are actually marked
as headings (e.g. by using th tags). Differences in results
between A11yWatch/aXe and Pa11y/aXe are due to that
aXe starting from version 4.5 considers violations of
aXe rules aria-required-children and label no
longer as violations of success criterion 1.3.1, and fur-
ther code changes. Code changes happened between
both HTMLCS variants as well, such as changes in
Boolean expressions like exemplified earlier for suc-
cess criterion 2.4.8. There are also differences in the
check on correctly nesting header tags (h1, h2, . . . )
where one engine reports violations on pages where the
other engine does not. QualWeb/WCAG reports vio-
lations of this success criterion on 301 webpages, of
which for 93 webpages no other engine reports issues.
Most violations reported by QualWeb/WCAG are due
to two out of seven checks relating to this success
criterion: QualWeb/WCAG technique T32 intends to
implement WCAG technique H48, which recommends
to structure data in lists (ul, ol, dl) where appropriate,
but the check implemented in QualWeb/WCAG only
checks if lists contain list items; it reports violations
of the success criterion upon encountering empty lists,
despite H48 not requiring lists to be non-empty. Qual-
Web/WCAG technique T9 implementing WCAG gen-
eral technique G141 reports incorrect nesting of header
tags, but those reports are mostly false positives as nei-
ther other engines nor a manual inspection of selected
webpages confirmed such issues. QualWeb/WCAG has
several more checks associated with success criterion
1.3.1 (T2, T3, T12, T14, T17, T18, T25), but for those checks,
violations are reported only in smaller numbers. Qual-
Web/ACT identified issues on only twowebpages, using
ACT rules R11 and R38. The former is about a missing
or empty accessible name, the latter is about a ‘target
[that] owns elements that don’t have the correct role’.
QualWeb/ACT has several more checks associated with
this success criterion (R20, R33, R35, R36, R38, R39), but
none of them reports any violation.

For success criterion 4.1.2, user interface compo-
nents as found in forms have to be prepared for usewith
assistive technologies. For example, engines may check
if text input fields have a label associated, telling if a
field, for example, expects a phone number or an email
address. Both A11yWatch/aXe and Pa11y/aXe implement
17 different checks related to this success criterion.
The two most ‘successful’ checks for A11yWatch/aXe
are label (all form elements must have a label) and
link-name (all links must have a discernible text).
This differs from Pa11y/aXe, where the label check
reports violations for only a fraction of the web-
pages. Instead, aria-allowed-attr (‘Elements must
only use allowed ARIA attributes’) has become the sec-
ond most successful check. The differences between
both label implementations are that the compu-
tation of elements’ visibility is completely different
and that A11yWatch/aXe, based on a newer aXe core
code base, contains additional code to check iframe
titles. Similarly, aria-allowed-attr has been refac-
tored between aXe core versions 4.2 and 4.6, but only
received syntactical changes since its adoption into
A11yWatch’s source code. Both A11yWatch/HTMLCS
and Pa11y/HTMLCS to a large degree agree in their
assessment whether a webpage meets or violates the
requirements for this success criterion. Differences
between both tools are virtually all due to the refactor-
ing from JavaScript to TypeScript when HTMLCS got
integrated into A11yWatch; this refactoring may have
introduced subtle differences in how checks are eval-
uated. QualWeb/WCAG has three checks to cover this
success criterion, but only T21 (‘not providing an acces-
sible name for an image which is the only content in a
link’, corresponding to F89) finds issues on webpages,
but neither T16 (‘using HTML according to spec’, H88)
nor T26 (‘script to make div or span a user interface
control in HTML without providing a role for the con-
trol’, F59). QualWeb/WCAG’s implementation in T21 is
similar to other comparable checks in other engines;
indeed, no issues are found that are not also covered
by other engines. QualWeb/ACT provides a number of
checks (R6, R10, R11, R12, R13, R16, R19, R28, R65, R66)
for this success criterion, with rule R12 (‘link has non-
empty accessible name’) identifying with a margin the
most webpages as violating this criterion. Again, the
implementation’s check if all link-like elements have a
non-empty accessible name is similar to other engines’
checks and all reported issues are also reported by other
engines.
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7.2 Success Criteria covered by Most
Engines

A114

Success criterion 4.1.1 is about the well-formedness
of input data such as HTML. It is deprecated since
WCAG 2.2, as both HTML standards and user agents
should handle most issues with incorrectly formed data
and any remaining issues such as duplicate ids are cov-
ered bymore specific success criteria. QualWeb/WCAG
is the only engine to not report any violations as
it uses an external HTML validator which does not
report duplicate ids. The other engines agree in their
assessments to a large degree, the largest divergence
observed was that A11yWatch/aXe reported nine pages
with duplicate ids which none of the other engines
did. As the engines’ source does not explain those dif-
ferences, the differences between engines’ assessments
are most likely due to dynamically generated webpages
which causes duplicate ids to appear in some cases.

AA341
AAA641

Success criteria 1.4.3 and 1.4.6 check text contrast
between foreground and background color. Both suc-
cess criteria differ in the required ‘strength’ of contrast,
where the former success criterion has lower require-
ments (level AA) and the latter one has higher require-
ments (level AAA). This implies that any webpage that
meets criterion 1.4.6 also meets 1.4.3.

For Pa11y/aXe, no check for 1.4.6 is included (only
introduced in aXe core 4.3), thus only violations of suc-
cess criterion 1.4.3 were reported. For A11yWatch/aXe,
checks for criterion 1.4.6 exist, but are disabled, so
like for Pa11y/aXe, only violations of success crite-
rion 1.4.3 were reported. Pa11y/aXe reported consid-
erably more webpages as violating this success cri-
terion compared to A11yWatch/aXe (483 versus 106
webpages). This difference is due to a more elabo-
rate check in the later aXe version, which, for exam-
ple, computes an element’s visibility differently (invis-
ible text cannot violate contrast requirements) and
may ignore emojis (small colorful images do not fit
regular foreground/background evaluations). For both
A11yWatch/HTMLCS and Pa11y/HTMLCS, if a check
for level AAA conformance is requested as done in our
investigations, checks for 1.4.3 get disabled and only suc-
cess criterion 1.4.6 is checked, for which issues were
found. Both variants of the HTMLCS generally agree
in their assessment whether a webpage conforms or

violates criterion 1.4.6. Differences are due to the con-
trast computation function shared by checks for 1.4.3
and 1.4.6, where A11yWatch’s implementation contains
changes and additions compared to Pa11y’s implemen-
tation, such as code paths for gradient evaluation and
different default values for variable initialization. Qual-
Web/ACT provides separate checks for both success
criteria (R37 and R76), but both source code files are
near-duplicates except for different contrast threshold
values, minor differences when checking gradients, and
a code path in R76 that tries to blend semi-transparent
background colors with an underlying background
color. Despite its elaborate implementation, not a single
webpage is reported violating either success criterion
by either R37 or R76; reasons may be a bug in Qual-
Web that causes the checks never to be applied. Qual-
Web/WCAG has the same implementation for both
success criteria (T31, corresponding to F24), but only
checks if both foreground and background for ele-
ments are defined without computing contrast; errors
are raised if either color is not defined.

A242
A113

Success criterion 2.4.2 requires webpages to have
titles, e.g. via a title tag in its header. All engines
except for QualWeb/WCAG provide some check for
non-empty titles; QualWeb/WCAG provides no imple-
mentation for the corresponding WCAG technique
H25. Otherwise there is more consensus among the
engines for this success criterion than the criteria dis-
cussed above: for each webpage where violations of
2.4.2 were reported, at least two engines reported those
violations at the same time. For example, both aXe
engines’ source code is identical except for some vari-
able renaming. Both HTMLCS engines’ source code
is also near-identical, except for minor changes intro-
duced due to the rewriting from JavaScript (Pa11y) to
TypeScript (A11yWatch).

To meet success criterion 3.1.1, webpages must state
which human language is dominantly used. This crite-
rion is closely related to 3.1.2, which is about shorter
phrases in a different language. Like for criterion 2.4.2,
QualWeb/WCAG does not provide a check of its own.
Both aXe engines have three checks for this success
criterion, but only html-has-lang reported viola-
tions in significant numbers. Here and for theHTMLCS
engines, similar to criterion 2.4.2, the checks’ imple-
mentations are pair-wise virtually identical. For Qual-
Web/ACT, check R2 is the only check of three (R2,
R3, R5) that finds violations in significant numbers.
Overall, all engines agree in their assessments, with
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only A11yWatch/aXe finding a violation on onewebpage
which no other engine agrees to.

A142

Success criterion 2.4.1 requires the ability to ‘jump’
over blocks of context that repeat on most pages, for
example a page header, to directly reach a page’s main
content. aXe core 4.2 as used by Pa11y uses two checks to
test for violation of this criterion: one to check if frame
and iframe tags have titles or labels (frame-title),
and one check if there is sufficient information to locate
the main content of a page (bypass). As of aXe core
4.5, it was deemed that failing the ‘frame’ check does
not imply a violation of criterion 2.4.1 (but is still
considered relevant for success criterion 4.1.2), so for
A11yWatch/aXe failing this check is no longer counted
as a violation of criterion 2.4.1. Both implementations of
the bypass check differ in how visibility of elements is
computed, how modality of input elements is checked,
and how element’s attributes are retrieved. The bypass
check does not identify any violations on any page for
any of the two engines. The HTMLCS engines’ imple-
mentation has two parts: one that checks iframe’s title
similar to frame-title, and onewhich checks if page-
internal links havematching targets. QualWeb/WCAG’s
check T23 (corresponding to WCAG technique G1) is
a variant of the page-internal link check that explicitly
checks if the first focusable element on a page is a link to
another section of the same webpage. QualWeb/ACT’s
check R75 states that it is not implementing any check.

AA531
AA213

Success criterion 1.3.5 requires that it can be pro-
grammatically determinedwhat the purpose of an input
element in a form is (see explanation before). Across all
webpages and engines, only for twowebpages were vio-
lations reported. Both HTMLCS engines provide the
same implementations, not considering the refactoring
from JavaScript to TypeScript. Both aXe engines also
perform near-identical checks, with the main differ-
ence that Pa11y’s aXe implementation still contains the
‘autocomplete appropriate check’ that got deprecated
in aXe core 4.3. QualWeb/ACT’s R24 implementation is
similar to the other engines’ implementations: for eligi-
ble form input elements, check if their autocomplete
attribute matches any of the predefined values of the
HTML specification17.

17https://html.spec.whatwg.org/multipage/form-control-infrastructure.
html#autofill

All engines except for QualWeb/WCAG claim to
provide checks for success criterion 3.1.2. This suc-
cess criterion is related to 3.1.1, but requires that words
and shorter phrases in a different language than the
surrounding text are marked with an attribute stat-
ing the phrases’ language. Both aXe implementations
differ in that Pa11y (and Deque System’s implementa-
tion even in the most recent version 4.10) uses a built-
in, hard-coded list of valid language identifier values,
whereas A11yWatch’s implementation relies on the stan-
dard JavaScript object Intl.Collator18 to test if a
given identifier is valid. Due to those differences, the
latter engine finds issues on three webpages for using
se (instead of sv, the correct value for the language
‘Swedish’) and non-standard identifiers for Sweden’s
minority languages. Both HTMLCS engines find issues
for three webpages due the usage of empty values for
language attributes. QualWeb/ACT’s R22 also checks
for valid lang attribute values, but also imposes some
more requirements on the element’s child nodes.

A122

Success criterion 2.2.1 requires that time limits,
such as automatic logout after inactivity, can be config-
ured by a user or the user gets ample warning before
the timeout is reached; exceptions are allowed for
time-sensitive activities, for example auctions. Qual-
Web/ACT rule R4 implements a check whether a timed
redirect or refresh is stated in the webpage’s header and
signals a violation of the success criterion if the time
value is larger than 0 but less than 20 hours. Both aXe
engines implement a similar test with onlyminor differ-
ences. Both HTMLCS engines implement a test mod-
elled afterWCAG’s techniques F40 and F41, which differ
from the other engines’ tests by not considering the 20-
hour threshold. QualWeb/WCAG does not implement
a check for this success criterion. QualWeb/ACT is the
only engine identifying an actual violation of this suc-
cess criterion and does so only for a single page. This
page’s raw HTML code contains indeed a refresh, but it
seems to get re-written by the page’s JavaScript code, as
the refresh is no longer there when inspecting the DOM
tree inside a web browser.

A222

Success criterion 2.2.2 is about moving, blinking, or
scrolling web page elements and that such movements
can be paused, stopped, or hidden. All engines except

18https://developer.mozilla.org/en-US/docs/Web/JavaScript/Reference/
Global_Objects/Intl/Collator
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for QualWeb/ACT claim to provide checks for this cri-
terion. Both aXe engines check for the existence of a
blink tag on webpages (F47), both HTMLCS engines
and QualWeb/WCAG check as well if the CSS text dec-
oration ‘blink’ has been used (F4). No violation of this
success criterion was reported by any engine.

A442

Success criterion 2.4.4 requires that the purpose of
a link is sufficiently specified, for example by text sur-
rounding or inside an a tag. Both aXe engines have
near-identical implementations which include checks
both if image maps (links on top of a larger image)
have alternate text (area-alt) and if ‘normal’ links
have text associated via one of several means, for exam-
ple ARIA labels (link-name). Only via the latter check
are violations identified by the aXe engines. For Qual-
Web/ACT, only R12 but not R44 find violations of this
success criterion. R12 checks if links have accessible
names via some mechanism, R44 checks if links with
the same accessible name direct to the same resource.
Whereas both aXe engines’ link-name and Qual-
Web/ACT’s R12 generally agree in their assessments,
QualWeb/WCAG’s T20 reports significantly more vio-
lations. This check reports websites if they contain a
tags with a title attribute that is either empty or
equal to the text inside the a tag. Check T20 tries to
implement WCAG technique H33, which is a disputed
technique by WCAG’s own documentation: ‘Because
of the extensive user agent limitations in supporting
access to the title attribute, authors should use caution
in applying this technique.’

A112

Success criterion 2.1.1 requires that ‘content is oper-
able through a keyboard interface’. Neither of the two
HTMLCS engines’ checks can clearly identify viola-
tions of this criterion, but both contain a number of
checks related to WCAG techniques G90 and SCR20
which may raise warnings that require further man-
ual investigation. For the aXe engines, only A11yWatch’s
scrollable-region-focusable reports violations.
The implementations of this check differ to large extent
between both aXe engine variants, possibly explain-
ing why only A11yWatch’s variant reports violations.
QualWeb’s WCAG techniques T24 finds violations in
120 webpages where A11yWatch/aXe does not report
any violation. QualWeb/WCAG’s technique T24 imple-
ments WCAG technique F55, which also concerns suc-
cess criteria 2.4.7 and 3.2.1, where an element is tested if
it can be focused and once it receives focus, if that focus

is kept. In contrast to T24, neither QualWeb/WCAG’s
techniques T6 nor QualWeb/ACT’s rules R43 or R70
report any violations.

A352

Success criterion 2.5.3 requires that labels’ names
should match the corresponding visual text. For exam-
ple, a visual label with text ‘First name:’ could have an
accessible name ‘First name, as displayed in your id doc-
ument’. All engines except for the twoHTMLCS engines
implement checks, but for nowebsite any of the engines
raised a violation.

7.3 Success Criteria only covered by
Some Engines

AA441

Success criterion 1.4.4 is covered by three engines
(both QualWeb engines and A11yWatch/aXe) and
requires that text on awebpage can be reasonably scaled
‘without loss of content or functionality’. aXe core
since version 4.5 includes check meta-viewport for
this success criterion, explaining different results for
A11yWatch/aXe and Pa11y/aXe. The checks both in
A11yWatch/aXe and QualWeb/ACT analyze viewport
settings in a webpage’s header for possible issues,
and find violations on only a few webpages (11 and
9, respectively). In contrast, QualWeb/WCAG (T28)
checks if font sizes are given in absolute units like ‘cm’
or ‘px’ instead of better alternatives like percent values
(according to CSS techniques C12, C13, and C14) and
finds violations on 484 webpages.

AAA842
AAA942
A223

Success criterion 2.4.8 is covered by both HTMLCS
engine implementations andQualWeb/WCAG.The cri-
terion requires that ‘information about the user’s loca-
tion’ is available. In HTML, this is typically expressed
inside link tags in the header, for example describ-
ing the webpage’s canonical address or the next page
to visit if it is part of a series. Despite both HTMLCS
engines having very similar implementations of checks
for this success criterion, only Pa11y/HTMLCS reports
violations for 50 webpages having link tags inside
their body instead of just inside their header, but not
A11yWatch/HTMLCS. A manual inspection of web-
pages’ source code revealed that indeed there were
link tags inside some webpages’ bodies. We suspect
they got embedded as third-party content, e.g. for
trackers or captchas, but that would not explain why
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only Pa11y encountered those. As discussed above, both
HTMLCS engines provide different results, where only
the variant in Pa11y locates violations (50 webpages).
For QualWeb/WCAG, technique T15 (corresponding to
H59) finds only one webpage with a violation, where
there is a link tag in the page’s header which lacks the
necessary href attribute; no other engine notices this
error.

To fulfill success criterion 2.4.9, the purpose of a
link must be identifiable, for example that it is more
descriptive than the text ‘go here’, and that links to dif-
ferent destinations have different texts. Both QualWeb
engines ‘reuse’ the same check used as well for success
criterion 2.4.4 (R12, R44, T1, T10, T20, T21); only Qual-
Web/ACT adds rule R9, but this rule does not find any
additional violations. Thus, for those two engines, the
same webpages are reported as violating criterion 2.4.9
that also violated criterion 2.4.4. The two aXe imple-
mentations differ in that the check in A11yWatch is
disabled, whereas in Pa11y, links are tested for the same
name but different URLs, but still no violations were
identified.

Success criterion 3.2.2 is about ‘changes of con-
text’ do not happen unexpectedly, for example select-
ing a different alternative in a list element does not
drastically change the form. Both HTMLCS engines
implement checks whether forms have a submit but-
ton or something equivalent, but they report different
numbers of webpages violating this success criterion:
Pa11y/HTMLCS reported 73 and A11yWatch/HTMLCS
reported twelve webpages. After comparing both
engines’ source code, we suspected a mistake intro-
duced when rewriting the original JavaScript code to
TypeScript, where inside a loop a break instead of
a continue was used. This bug was later confirmed
by the TypeScript code’s author but only fixed after
the conclusion of our experiments. QualWeb/WCAG
implements a similar check, but uses different search
criteria to locate buttons, e.g. does not consider buttons
outside the form tag, and eventually does not report any
violations.

AA431
AA1241
AAA523
A233

Success criterion 1.3.4 requires that the
view content is not locked into either land-
scape or portrait mode. Both aXe engines via rule
css-orientation-lock and QualWeb/ACT via its
rule R7 perform a number of checks on websites’ CSS
properties, but for the set of webpages analyzed in this
study, no issue was found.

Success criterion 1.4.12 requires that sufficient spac-
ing between letters, words, lines, and paragraphs is
used. Pa11y/aXe only checks if the important keyword
is used in a webpage’s CSS which affects the ability
of a user to change font size. Both A11yWatch/aXe,
which inherits a more elaborate checking introduced
in aXe core 4.5, and QualWeb/ACT tolerate ‘important’
style declarations if certain minimum values for text
spacing are set.

For success criterion 3.2.5, which is about limiting
automatic ‘changes of context’ (for example, automatic
submission of forms once a value has been entered),
all six engines provide some check. Both HTMLCS
engines only issue warnings in case a link may get
opened in a new window and no text (thus, no expla-
nation) is associated with this link. The aXe engines
provide different checks: the older Pa11y/aXe imple-
mentation contains a simple check if an HTML page’s
header contains a ‘refresh’ instruction with zero sec-
onds delay; in the newer aXe implementation used
by A11yWatch, the check is more elaborate, but also
disabled by default. Implementation T22 of Qual-
Web/WCAG checks whether there is an automated
attempt to open a new window, for example a popup
window, which would also be a violation of this suc-
cess criterion (WCAG technique F52). The only engine
that raised an issue for the analyzedwebpages (for a sin-
gle webpage) was QualWeb/ACT via its near-identical
checks R4 and R71 (the former treats refreshes with
more than 20 hours time as non-violating).

Success criterion 3.3.2 requires that ‘labels or
instructions are provided when content requires user
input’, such as example values in input fields. Both aXe
engines implement checks if form elements have mul-
tiple labels associated, but those checks only return
‘inconclusive’ in such a case, i.e. no violation of the suc-
cess criterion will ever be reported. QualWeb/WCAG’s
check T3, which is an implementation of WCAG tech-
nique H71, tests whether fieldset tags contain a vis-
ible legend tag. Whereas T3 finds issues on 22 web-
pages, QualWeb/WCAG’s other check for this success
criterion, T17 (G162), finds no webpage violations.

A221
A141

AAA422

Success criterion 1.2.2 is about providing captions
to pre-recorded audio data. QualWeb/WCAG does not
implement any check, QualWeb/ACT’s implementation
states it is incomplete, and both HTMLCS engines’
implementations do not perform any checks. Both aXe
engines’ implementations are virtually identical, except
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for that Pa11y/aXe is configured to not exclude hidden
elements, which was changed in aXe core 4.5 leading to
that this engine identified 18 webpages that violated this
criterion.

Success criterion 1.4.1 requires that color is not ‘the
only visual means of conveying information’. For exam-
ple, colored hyperlinks need to have a sufficient contrast
to the surrounding text or other means to be identifi-
able as hyperlinks. Both Pa11y/aXe and A11yWatch/aXe
contain implementations that compare a link’s colors
to the parent node’s colors. Pa11y/aXe’s implementa-
tion is marked as ‘experimental’, though, and contains
a number of ‘TODO’ comments, which can be assumed
to explain results differing from A11yWatch/aXe which
identified eleven webpages that violated this criterion.
No other engine contains checks related to this success
criterion.

Success criterion 2.2.4 requires that non-critical
interruptions such as updates on a webpage can be
postponed. This success criterion is related to 2.2.1
and 3.2.5 and indeed engines reuse the same or
similar checks: QualWeb/ACT reuses checks R4 and
R71, Pa11y/aXe reuses meta-refresh, and A11yWatch,
based on a more recent aXe core version, reuses
meta-refresh-no-exception also used for 3.2.5 but
not 2.2.1. Consequently, the engines’ results are simi-
lar to previous observations with only QualWeb/ACT’s
rules R4 and R71 identifying one webpage that violates
this criterion.

A241
AAA613

Success criterion 1.4.2 requires that longer audio
clips that are played automatically can be paused,
stopped, or muted. Both aXe engines provide near
identical implementations (no-autoplay-audio) that
check if an audio or video element plays automat-
ically audio for more than three seconds while also
lacking a control mechanism. No webpage in the inves-
tigated set contained audio elements that failed those
checks.

Success criterion 3.1.6 is about providing informa-
tion about the pronunciation of words if it is necessary
to understand the meaning of a word (e.g. ‘desert’ for
‘to abandon’ or ‘arid region’). The only engines imple-
menting checks are the two HTMLCS engines. The
implementations are functionally identical, looking for
‘Ruby’ markup [23] that can be used to show the pro-
nunciation of East Asian characters. As the webpages
analyzed in this study do not make use of those char-
acters, no check detected a violation of this success
criterion.

7.4 Success Criteria covered by Only One
Engine

A121
AA541
AAA841
AAA941
AA542
AA742
AAA1042
AAA313
A123

For success criteria 1.2.1, 1.4.5, 1.4.8, 1.4.9, 2.4.5, 2.4.7,
2.4.10, 3.1.3, and 3.2.1, QualWeb/WCAG is the only
engine which implements checks. Furthermore, for all
those criteria, this engine identified violations on the
webpages in this study.

Success criterion 1.2.1 is covered by Qual-
Web/WCAG’s technique T8, corresponding to WCAG
technique F30. The implementation raised issues on
eleven webpages as the check tests if img tags’ alt
attributes consist only of digits or contains something
that looks like a filename (e.g. ends with ‘.jpg’). Both
aXe engines have their checks disabled, both HTMLCS
engines have only minimal implementations without
any checks, and QualWeb/ACT’s source code states
that no check is implemented.

Success criteria 1.4.5 and its stricter ‘sibling’ 1.4.9
require that text is used to convey information
instead of images containing text when feasible. Qual-
Web/WCAG provides a single implementation (T28,
also used for success criterion 1.4.4, see above) for both
criteria which checks if font sizes are specific in ‘abso-
lute’ units like pixel or centimeters instead of flexible
ones like percent values.

Success criterion 1.4.8 requires that the user is able
to reformat the text (e.g. choice of color or size), includ-
ing that it is not ‘justified’. QualWeb/WCAG provides
four different checks: T27, which finds violations on
only one webpage by checking if a block of text is jus-
tified according to an element’s align attribute (F88);
T28, which is about absolute units (C12, C13, C14), also
used for success criteria 1.4.4, 1.4.5, and 1.4.9, and reports
violations on 484 webpages; T29 checks if text is justi-
fied using CSS properties and reports violations on 16
webpages (C19); and T31 which checks for inconsistent
foreground/background color properties (F24), is also
used for success criteria 1.4.3 and 1.4.6, and for which
violations on 174 webpages were reported.

Success criterion 2.4.5 requires that the user can
navigate between and ‘locate a Web page within a set of
Web pages’. QualWeb/WCAG implements WCAG tech-
nique H59 in its technique T15, where it checks if link

19

https://dequeuniversity.com/rules/axe/4.5/
https://www.w3.org/WAI/WCAG22/Understanding/use-of-color.html
https://www.w3.org/WAI/WCAG22/Understanding/interruptions.html
https://www.w3.org/WAI/WCAG22/Understanding/timing-adjustable.html
https://www.w3.org/WAI/WCAG22/Understanding/change-on-request.html
https://github.com/qualweb/act-rules/blob/4cfb0dd6f2/src/rules/QW-ACT-R4.ts
https://github.com/qualweb/act-rules/blob/4cfb0dd6f2/src/rules/QW-ACT-R71.ts
https://dequeuniversity.com/rules/axe-devtools/4.6/meta-refresh
https://dequeuniversity.com/rules/axe-devtools/4.6/meta-refresh-no-exception
https://www.w3.org/WAI/WCAG22/Understanding/change-on-request.html
https://www.w3.org/WAI/WCAG22/Understanding/timing-adjustable.html
https://github.com/qualweb/act-rules/blob/4cfb0dd6f2/src/rules/QW-ACT-R4.ts
https://github.com/qualweb/act-rules/blob/4cfb0dd6f2/src/rules/QW-ACT-R71.ts
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/no-autoplay-audio.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_2.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/no-autoplay-audio.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_2.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R15.ts
https://www.w3.org/WAI/WCAG22/Understanding/audio-control.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_6.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_6.js
https://www.w3.org/WAI/WCAG22/Understanding/pronunciation.html
https://www.w3.org/WAI/WCAG22/Understanding/audio-control.html
https://dequeuniversity.com/rules/axe-devtools/4.6/no-autoplay-audio
https://www.w3.org/WAI/WCAG22/Understanding/pronunciation.html
https://raw.githubusercontent.com/a11ywatch/kayle/f3eb3823a5/fast_axecore/lib/rules/audio-caption.json
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_2/1_2_1.ts
https://raw.githubusercontent.com/dequelabs/axe-core/v4.2.4/lib/rules/audio-caption.json
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_2/1_2_1.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R31.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T8.ts
https://www.w3.org/WAI/WCAG22/Understanding/audio-only-and-video-only-prerecorded.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_5.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_5.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T28.ts
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_8.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_8.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T29.ts
https://www.w3.org/WAI/WCAG22/Understanding/visual-presentation.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_9.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle1/Guideline1_4/1_4_9.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T28.ts
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text-no-exception.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_4/2_4_5.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_4/2_4_5.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T15.ts
https://www.w3.org/WAI/WCAG22/Understanding/multiple-ways.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_4/2_4_7.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle2/Guideline2_4/2_4_7.js
https://raw.githubusercontent.com/qualweb/act-rules/4cfb0dd6f2/src/rules/QW-ACT-R62.ts
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T24.ts
https://www.w3.org/WAI/WCAG22/Understanding/focus-visible.html
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T9.ts
https://www.w3.org/WAI/WCAG22/Understanding/section-headings.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_3.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_1/3_1_3.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T34.ts
https://www.w3.org/WAI/WCAG22/Understanding/unusual-words.html
https://raw.githubusercontent.com/a11ywatch/kayle/a1c9b945c5/fast_htmlcs/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_1.ts
https://raw.githubusercontent.com/squizlabs/HTML_CodeSniffer/2.5.1/Standards/WCAG2AAA/Sniffs/Principle3/Guideline3_2/3_2_1.js
https://raw.githubusercontent.com/qualweb/wcag-techniques/3b5e520738/src/techniques/QW-WCAG-T24.ts
https://www.w3.org/WAI/WCAG22/Understanding/on-focus.html
https://www.w3.org/WAI/WCAG22/Understanding/audio-only-and-video-only-prerecorded.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text.html
https://www.w3.org/WAI/WCAG22/Understanding/visual-presentation.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text-no-exception.html
https://www.w3.org/WAI/WCAG22/Understanding/multiple-ways.html
https://www.w3.org/WAI/WCAG22/Understanding/focus-visible.html
https://www.w3.org/WAI/WCAG22/Understanding/section-headings.html
https://www.w3.org/WAI/WCAG22/Understanding/unusual-words.html
https://www.w3.org/WAI/WCAG22/Understanding/on-focus.html
https://www.w3.org/WAI/WCAG22/Understanding/audio-only-and-video-only-prerecorded.html
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T8.ts
https://www.w3.org/WAI/WCAG21/Techniques/failures/F30
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text-no-exception.html
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T28.ts
https://www.w3.org/WAI/WCAG22/Understanding/resize-text.html
https://www.w3.org/WAI/WCAG22/Understanding/visual-presentation.html
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T27.ts
https://www.w3.org/WAI/WCAG21/Techniques/failures/F88
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T28.ts
https://www.w3.org/WAI/WCAG21/Techniques/css/C12
https://www.w3.org/WAI/WCAG21/Techniques/css/C13
https://www.w3.org/WAI/WCAG21/Techniques/css/C14
https://www.w3.org/WAI/WCAG22/Understanding/resize-text.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text.html
https://www.w3.org/WAI/WCAG22/Understanding/images-of-text-no-exception.html
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T29.ts
https://www.w3.org/WAI/WCAG21/Techniques/css/C19
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T31.ts
https://www.w3.org/WAI/WCAG21/Techniques/failures/F24
https://www.w3.org/WAI/WCAG22/Understanding/contrast-minimum.html
https://www.w3.org/WAI/WCAG22/Understanding/contrast-enhanced.html
https://www.w3.org/WAI/WCAG22/Understanding/multiple-ways.html
https://www.w3.org/WAI/WCAG21/Techniques/html/H59
https://github.com/qualweb/wcag-techniques/blob/3b5e520738/src/techniques/QW-WCAG-T15.ts


tags exist and if they provide sufficient information. For
only one webpage a violation got reported.

Checks for success criterion 2.4.7, which is about
having focus indicators visible in keyboard-operable
interfaces, are implemented in both engines as used
by QualWeb. QualWeb/ACT implements a check (R62)
which only issues warnings in case multiple elements
are in ‘sequential focus order’. QualWeb/WCAG pro-
vides technique T24 (discussed for criterion 2.1.1) for
this success criterion.

Success criterion 2.4.10 requires that if headings are
used (e.g. tags h1, h2, . . . ), those must be properly nested
(G141), such as that a h1 tag is not followed by a h3 tag.
QualWeb/WCAG is the only engine implementing such
a test in its technique T9 (also used for success criterion
1.3.1) and it reported violations on 137 webpages.

Success criterion 3.1.3 requires that for unusual
words the definition can be retrieved. One alternative is
to provide a glossary as described in WCAG technique
G62. QualWeb/WCAG provides two techniques here:
T33 checks if any glossary that is provided using HTML
tags dl, dd, and dt is correctly nested (H40, three web-
pages reported as violating). T34 checks if a description
list (dl) only contains valid child elements and inner
dd and dt elements are in correct order (also H40, no
webpage reported).

Success criterion 3.2.1 deals with (unexpected)
changes or removal of focus, which is relevant for, for
example, keyboard-only navigation on websites. For
QualWeb/WCAG, technique T24 covers this success
criterion as discussed above.

AAA312
AAA413

Success criterion 2.1.3 is a stricter variant of 2.1.1:
without exception, the webpage must be operable
using a keyboard only. Like before, QualWeb’s ACT
rule R43 implements a check whether scrollable ele-
ments can be reached via keyboard navigation, and,
like stated in the context of criterion 2.1.1, no web-
page fails in this check. Starting with aXe core ver-
sion 4.9 (not used by any engine in this study), rule
scrollable-region-focusable is not only used to
assess conformance to success criterion 2.1.1, but also
2.1.3.

Success criterion 3.1.4 requires the existence of a
mechanism to expand abbreviations. Only QualWeb’s
WCAG technique T7 implements WCAG technique
H28 which requires a non-empty title attribute for
abbrev tags. For no webpage were violations reported.

7.5 Summary
To answer RQ 3 (‘How can agreements and disagree-
ments among web accessibility assessment tools be
explained?’) we identified the following possible rea-
sons for differences in the engines’ assessment whether
a webpage violates a given success criterion:

• Lack of any implementation, only a placeholder
implementation (‘TODO’), an implementation issu-
ing only suggestions or warnings but not reporting
violations, or existing implementations that are dis-
abled, for example because the developers deem them
as incomplete or unreliable;

• Lack of covering the full ‘breadth’ of a success cri-
terion, such as implementing checks that cover only
parts of the criterion or investigates only some but
not all webpage elements that are concerned;

• Misinterpreting WCAG’s prosaic description of suc-
cess criteria and the ‘translation’ into source code;

• Rewrite of an existing, older code base in JavaScript
into a related but different language like TypeScript,
which may introduced subtle changes in the source
code’s semantics. We identified one case where the
rewrite introduced a bug leading to a differing assess-
ment, which was later confirmed by the TypeScript
code’s author;

• Plain programming errors.

Use of two pairs of related engines (two HTMLCS
engines and two aXe engines) allowed comparing the
changes introduced by different authors to code bases
that share common ancestries. The two aXe code
bases are derived from versions 4.2 (Pa11y) and 4.6
(A11yWatch) as originally published by Deque Systems.
The latter engine was able to incorporate improve-
ments from the upstream project, but has also intro-
duced genuine changes (and potential bugs) due to the
rewrite to a different programming language. The sit-
uation is similar for the two HTMLCS engine imple-
mentations, where Pa11y uses an older implementation
and A11yWatch a newer version, but onewhich has been
rewritten in TypeScript.

8 Discussion
Vigo et al [49] report a coverage of 23% to 50% of suc-
cess criteria, depending on tool, but only counting ‘true
violations’, i.e. issues that were notmistakenly flagged as
accessibility issues. The coverage of tools in our study
is generally worse, especially considering that we did
not investigate if flagged accessibility issues were false
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positives: tools cover only about one sixth of all suc-
cess criteria, except for QualWeb/WCAG which covers
about one quarter.

The combination of all six engines allows to cover
39% of all success criteria, which is a match to Myn-
digheten för digital förvaltning [35] which states that at
most 40% of all criteria can be checked using automated
tools.WematchedMyndigheten för digital förvaltning’s
description of common accessibility issues to seven suc-
cess criteria. There is an overlap of five success criteria
between those seven criteria and the 15 criteria that are
listed in our Table 1 as themost commonly violated suc-
cess criteria. Myndigheten för digital förvaltning does
not mention common issues listed in this table, such as
the ability to alter text appearance (1.4.8).

Frazão and Duarte [19] on the one hand report that
‘individual tools have poor coverage of the WCAG 2.1
success criteria’, which we agree to, on the other hand
the authors report that the use of all eight tools allows to
cover 62 out of 78 success criteria in WCAG 2.1, which
is in contrast with our observations. For example, the
aXe engine, which was used both in their and in our
study, reported 24 unique success criteria as violated in
the author’s study, which contrasts to only 15 criteria if
combining the results of A11yWatch/aXe and Pa11y/aXe
in our study. Differences can be explained by differ-
ent aXe versions, but also different ways how results
were presented in the browser plugin and interpreted
by the study’s authors. Furthermore, it is reported that
for success criteria of level A most of the violations are
found, which corresponds to our observation that suc-
cess criteria of this level have the best coverage in source
code (60%, see our Table 5). Finally, Frazão and Duarte
report that violations of success criteria 1.1.1, 4.1.2, 2.4.4,
and 1.3.1 get detected by almost all used tools, which we
can confirm as at least four out of our six tool/engine
combinations report violations for those criteria.

Abu Doush et al [1] manually categorized WCAG 2.1
success criteria if conformance can be directly assessed,
a check requires additional processing, or if ‘no direct
mapping to check’ is possible, respectively. The author’s
assessment does not align with violations raised by the
tools used in our study. Whereas there are agreements
between our data and the assessment by Abu Doush
et al, for example their assessment that criterion 1.1.1
can be directly assessed and all six engines in our study
raising violations, Abu Doush et al state that for crite-
rion 1.3.1 no direct mapping is possible, yet still all six
engines raise violations. Vice versa, Abu Doush et al
identify success criterion 2.3.1 as one that can be directly

assessed, yet none of the six engines in our study imple-
ments a check for it.

Laamanen et al [28] report that the ‘most general
error types’ reported by the two tools in their study
were contrast (1.4.3), link purpose (2.4.4), and lack of text
alternatives (1.1.1). In our study, at least three out of six
engines raise violations for those success criteria. For
methodological reasons we did not count the number
of violations in greater detail, but just those three suc-
cess criteria appear in the ‘top 5’ for each of the three
levels as shown in Table 1. Laamanen et al also note in
the context of text alternatives describing non-text con-
tent: ‘It is notable that most automated tests only note
whether the alternative text is missing, not whether this
text is uninformative or not understandable.’ The anal-
ysis of the engines’ source code as used in our study
confirms this observation. Most engines test the differ-
ent ways HTML standards allow expressing alternate
texts for being empty or duplicate of surrounding text,
but only QualWeb’s WCAG technique T8 implements
some basic checks for uninformative text patterns, for
example whether the text looks like a filename.

Iannuzzi et al [22] provides a list of the 20 suc-
cess criteria with the highest number of violations as
detected by their tool ‘MAUVE++’. The overlap between
those 20 success criteria and the violations reported by
the tools and engines used in our study stretches from
complete agreement (both our six tools andMAUVE++
report violations) for criteria 1.1.1, 1.3.1, and 4.1.2 to crite-
ria where none of our six tools report violations (1.4.10,
1.4.11, 1.2.3). There is no source code publicly available
for MAUVE++, but the authors provide explanations
how checks for the threemost common violations were
implemented. For criterion 2.4.7, the existance of a bor-
der around the currently focussed element is tested (in
accordance to WCAG’s G195 and F78). In contrast, the
only tool/engine in our study that reports violations
for this criterion (QualWeb/WCAG) tests in its imple-
mentation T24 whether an element keeps its focus after
having received it. For criterion 1.4.1, both MAUVE++
and A11yWatch/aXe (the only tool reporting violations
in our study) implement similar checks, comparing a
link’s formatting (colour) to its surrounding text. For
criterion 1.4.3, all tools in our study provide imple-
mentations, and the description of how MAUVE++
performs checks matches checks implemented by our
study’s tools/engines.

Ismailova and Inal [24] report that in their study
comparing six tools (no overlap to our tool selection),
for success criteria 1.2.3, 1.4.2 (both level A), 3.1.2, 3.2.3,
3.3.3, 3.3.4 (all level AA), and a number of level AAA
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criteria no violation got detected. Our study mostly
concurs with the authors’ observations: none of the
six engines in our study provides implementations for
1.2.3, 3.2.3, 3.3.3, or 3.3.4; for 1.4.2, both aXe engines pro-
vide implementations, but no violations were raised;
for 3.1.2, three engines raised violations and two more
provided implementations to potentially raise viola-
tions. Ismailova and Inal also observe that using several
automated checkers in parallel allows compensating for
the shortcomings of individual checkers. However, our
data suggests that the resulting gains may depend on
the choice of engines: as documented in Table 2, using
QualWeb/WCAG will find more issues (albeit a poten-
tially large number false positives) than the other five
engines combined (as per median over the webpages in
our study).

In general, differences observed in our study and
previous studies can be in part explained by our choice
of investigatingwebsites for government agencies: their
typical web design may be more text-based and contain
fewer ‘sophisticated’ features in contrast to websites
analyzed in other studies.

9 Conclusions
The focus of the present study is not on investigating
correctness of the automated tools, for example how
many violations they report or whether the reported
issues are true or false. Instead, focus is on why tools
differ in their assessment, given that they all try to
implement automated checks for accessibility issues as
documented in the Web Content Accessibility Guide-
lines (WCAG).

Figure 3 visualizes which success criteria are cov-
ered by the various tools. For some success criteria,
distributed across all WCAG levels and principles, all
engines are able to report violations. Other success cri-
teria are only covered by few tools, meaning the choice
of accessibility checker determines whether the user
may see violations for those criteria or not. For example,
excluding QualWeb/WCAG, combining the remaining
five checker can raise the number of violated success
criteria from 2 or less (when using a single checker) to
4 (as per median over the webpages in our study). Using
exclusively QualWeb/WCAG, however, will find more
violations than the other five engines combined. This
implies that stakeholders that want to have a broad cov-
erage of success criteriamust not only usemultiple tools
in parallel as often suggested, but also consider each
tool’s individual coverage.

Overall, the limited coverage of success criteria for-
bids relying exclusively on automated tools to assess a
website’s conformance to WCAG. Even where engines
provide implementations of checks, practitioners have
to take into consideration both false positives (success
criteria reported as being violated despite that there
is no underlying issue) and false negatives (issues not
reported due to implementations’ limitations).

Success criteria specified in theWebContent Acces-
sibility Guidelines (WCAG) are not formally specified,
so they are open for interpretation, but to support the
conformance checking process, over 600 ‘techniques’
are providing examples and counter-examples. How-
ever, presumably due to the number and complex-
ity, checkers only implement a fraction of those tech-
niques. Furthermore, we observed cases where auto-
mated accessibility checkers disagreed in their assess-
ments when multiple independent implementations of
checks for the same success criterion exist. We suggest
two approaches to mitigate this situation: First, imple-
menters of automated checkers would benefit from
more formal descriptions of success criteria for easier
adoption into their own code base. ACT Rules already
provide a structured approach, but they lack amachine-
readable formulation corresponding to veraPDF’s val-
idation profiles [48] for PDF/A validation. Second, the
field of automated accessibility checkers would benefit
from a community-driven collection of more complex
and diverse real-world benchmark websites, similarly
to the repositories used by PDF/A conformance check-
ers, such as the one provided by Technical Working
Group (TWG), PDF/A Competence Center [44]. Such a
collection would complement the short and synthetic
examples and counter-examples that are part of the
ACT Rules. This would allow to further test automated
accessibility checkers and to identify disagreements
that can then be resolved with the support of human
accessibility experts and fed back to the ACT Rules to
refine their synthetic examples.

Success criteria not (yet) covered by automated
accessibility checkers are presumably those that are dif-
ficult to assess by a computer program. However, simi-
lar to the now-deprecated success criterion 4.1.1 where
checkers could have relied on a third-party tool to check
the HTML document’s well-formedness, at least one
other success criterion could be checked by third-party
extensions as well: assessing the reading level of a text
as required by success criterion 3.1.5 is a research topic
predating the World Wide Web. At least for major lan-
guages like English, several scientificmethods have been
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proposed and implementations are available to literally
put a number on the difficultness of a text.
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