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Abstract
A study was conducted to investigate whether combining existing automated accessibility tools

and structuring their output into a clear and readable format could increase the coverage of detected
WCAG violations, as well as improve developers’ ability to resolve identified accessibility issues.

To achieve this, a test library was developed by combining the existing tools Axe, Pa11y, and Ace
and by transforming their combined JSON output into a structured PDF format. The result included
descriptions of detected issues, as well as information regarding their location in the codebase and
suggested guidance for remediation. The developed test library was then evaluated in collaboration
with an ERP company, where it was applied to two web extensions. The generated PDF reports were
subsequently used by the developers to correct issues in one of the extensions.

From the analysis of the two generated reports, an increased coverage of detected issues was ob-
served. After the developers at the company used the generated PDF reports to resolve identified issues,
no remaining accessibility issues were detected in the tested extension. In addition, interviews were
conducted with the three developers who had worked with the results. The interviews indicated that
the testing library substantially improved the debugging process for WCAG-related issues by provid-
ing clear issue descriptions, guidance for remediation, and precise location informationwithin the code
base. At the same time, opportunities for improvement were identified, particularly regarding report
navigation, reduction of redundant information, and the handling of manual accessibility checks.

For further feedback on the developed test library, additional complementary interviews were
conducted with students. During these interviews, 13 students were presented with different issue
descriptions, where half of the issues showed the raw JSON output and the other half displayed the
formatted PDF output. The results indicated that the majority of students preferred the formatted
descriptions due to improved readability and clarity.

From these findings, it was concluded that the combination of existing automated accessibility
tools and the structuring of their output into a readable and navigable format improved both the de-
tection coverage of WCAG issues and the efficiency of developer debugging workflows.

Keywords:

Web Content Accessibility Guidelines, WCAG, WCAG-testing, Debugging Efficiency, Test cov-
erage, Automated Accessibility Testing, Tool Integration
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1
Introduction

1.1 Problem Statement

There are currently many websites developed without accessibility in mind [1]. This makes web-
sites particularly difficult to use, especially when accounting for individuals with disabilities. Inter-
national web standards, such as the Web Content Accessibility Guidelines (WCAG), help make the
websites more accessible for people with disabilities [2]. Choosing not to incorporate WCAG during
website development excludes users and creates a worse user experience [3].

According to an Indian article [4], digital inclusion is important because “Enhancing web accessi-
bility is important for legal compliance, corporate competitiveness, and social fairness”. This research
points out three perspectives on why digital inclusion or web accessibility is important. In some cases,
there is a legal obligation to uphold a certain degree of inclusion, such as the European Union that has
the Web Accessibility Directive which requires public actors to achieve at least a level of WCAG AA
2.1 on their websites [5]. The article further states that companies taking fewer accessibility measures
risk suffering a competitive disadvantage, potentially losing customers. Their final point is more of a
humane take where everybody should have the right to access the web despite disabilities.

Many of the issues regarding accessibility are discovered very late in production, or even in
post-production by the users [6]. Issues like missing alt-texts, low color contrasts and incorrect head-
ing structure can affect the websites accessibility negatively [7]. When evaluating the home pages of
1,000,000 websites, 94,8% detected WCAG criteria failures [8]. Since many issues are found only after
the release of a website, developers are forced to review the code manually once the website already is
completed. This is both time-consuming for the developers and expensive for the company.

Several test libraries are available for testing the level of WCAG that a website reaches during
the development phase. However, there is a lack of tests created with the intention of testing WCAG
on a completed and launched website. [9]. Many websites need to find accessibility issues that remain
after the release. By using automated WCAG testing, developers can more easily identify and address
accessibility issues even after deployment. In this study, the focus is on developing a test library that
combines existing tools to easily evaluate and present accessibility issues.

The tests used for evaluating WCAG criteria often present their results in a raw JSON format or
through error codes. This can be difficult for the developer to read and interpret [10], which creates
unnecessary obstacles when trying to improve the websites accessibility. By converting these results
from the tests into a structured list of identified issues, this process might become easier. This presen-
tation could help the developers understand what needs to be corrected, and what is most important
to focus on.

9



1.2 Purpose and Research Questions

The purpose of this thesis is to research how combining multiple automated accessibility tools
into a single accessibility test library can affect the coverage of found WCAG violations. The research
focuses on both the coverage of detected accessibility issues as well as how the presentation of the
results can be structured in a clear and structured way to help developers understand and resolve the
issues more efficiently. Based on this purpose, two research questions are formulated:

1. How does combining multiple automated accessibility tools into a single accessibility test li-
brary affect the coverage of detected  WCAG violations compared to using each tool separately?

2. How can the presentation of results of the combined accessibility test library affect a devel-
oper’s ability to resolve a detected accessibility issue?

The goal of this research is to create a new test library that combines tools, such as HyperText
Markup Language (HTML) parsers, and existing tests that evaluate how many of the WCAG issues
are being neglected. The new test library will present the results in a structured, clear, and organized
format. The aim is to make the debugging process easier for the developer, which will contribute to a
more inclusive user experience by making accessibility issues easier to find and correct.

1.3 Scope and Limitations

This study focuses on implementing automated WCAG tests in fully developed web-based soft-
ware. The study is limited to post-production web environments, rather than systems still in the be-
ginning of development. Mobile platforms and software programs are also outside the scope of this
study.

The study is limited to WCAG 2.2 and does not include other accessibility standards or frame-
works such as the European Accessibility Act [11]. The test library is also limited to selected criteria
from WCAG 2.2, rather than covering all requirements. The study does not aim to create a complete
WCAG compliance assessment, as several WCAG criteria will require a manual evaluation and cannot
be tested using automated tests.

This study is restricted to accessibility testing tools that are available for free and can be used
through the command-line without user authentication. Several existing accessibility tests are there-
fore excluded due to the cost and requirement of user authentication. Since this test library will be
integrated into post-production environments and pipelines, this limitation is acceptable for the goal.

The study will not evaluate accessibility improvements or user-experience of the tested website
after the identified issues have been resolved.

1.4 Disposition

The document is divided into multiple chapters. Section 2 describes the method and implemen-
tation of the work. In section 3, the theoretical framework of this study is detailed. In section 4 the
result are presented and analyzed. Section 5 discuses the result and the methods and finally section 6
concludes the research and describes further research.
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2
Method and Implementation

2.1 Data collection

2.1.1 The test library

A mixed methods approach was used, because it combined the strength of qualitative insights
with quantitative measurements. Qualitative methods were used to understand problems and devel-
oper feedback, and quantitative methods to measure number of issues identified and corrected, and
also the coverage of the different test libraries compared to each other. This provided both depth and
width in the analysis and allowed for evaluation of both the effectiveness and usability of the test library
[12].

The test library was created by combining different accessibility testing libraries in order to
achieve higher coverage. Beautiful Soup was used as a supporting library. Beautiful Soup is a Python
library designed for extracting data from HTML and XML documents and provides functionality for
parsing and navigating page structures [13]. By using Beautiful Soup together with the accessibility
testing libraries, the tests could be executed on each step within the website’s link structure, allowing a
summarized result for the entire web application to be generated.

The accessibility testing libraries that were combined were Axe, Pa11y, and ACE. Since all tools
produced their output in JSON format, flexibility was provided for processing and presenting the re-
sults according to the required structure.

A PDF was created to display the results from the test library. The PDF includes violations which
describe the issue found, and nodes that describe where the issue is with the URL and specific HTML,
see in figure 2.1. In this PDF, the conclusions of the found violations and nodes, along with some
information on the intended use of the test library, was presented at the top. Then the content was
divided into sections for each test. First, all issues found by Axewere displayed, followed by Pa11y, and
lastly Ace. Within each section, the content was sorted by each violation found. Under each violation,
the connected nodes were listed. See figure 2.2.
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Figure 2.1: Example of test result

For each violation, the impact level was stated to show how important the issue was. A descrip-
tion specifying the problem was provided. A short suggestion on how the problem could be solved
was included in the help section. Links providing additional information about the violation were also
provided by Axe and Ace.

For each node, the URL where the issue was found was provided. The target and HTML were
also stated to help identify the correct place in the code. If multiple nodes had the same target and
HTML, they were combined into a single node, and a list of the URLs was added.

12



Figure 2.2: Test library tree

When the test library was completed, the test phase was entered together with an ERP company
that offers different web extensions to which access was provided. An experimental evaluation was
conducted by incorporating the tests into the company’s pipeline dependencies.

2.1.2 Coverage data collection

After the tests were conducted, the initial state of the company web extensions was collected.
Quantitative data was gathered from two different company web extensions, consisting of the issues
found by each separate test library, as well as how many issues were detected collectively by the li-
braries in the proposed solution. This information was then used to answer the first research question
regarding the coverage of the combined libraries.

2.1.3 Debugging efficiency data collection

The PDF result from one of the tested extensions was then reviewed by the developers at the
company, and the identified issues were fixed. To answer the second research question a quantitative
data was collected in the form of the number of errors found and corrected. At the same time, quali-
tative feedback was collected from developers who had used the test library through semi-structured
interviews. The aim was to evaluate the developers’ experiences with the test library and determine
whether it was useful and supported the implementation of accessibility improvements.

To obtain additional data regarding test results, more interviews were conducted with students
who have prior experience inweb development. Students were presentedwith both formatted and raw
JSON results and provided feedback on their usability.

The student interviews were conducted by selecting one issue from the JSON files and one from
the results report, see 8.1 and 8.2 for example. The interviewees were asked to describe the issue iden-

13



tified by the test, both from the raw JSON output and from the formatted results, and were then asked
to solve the issues. The information provided by the interviewees was analyzed, and based on this, a
conclusion was drawn regarding the usability of the test library’s results report compared to the raw
JSON results.

The interviews followed a semi-structured format with prepared questions, while allowing par-
ticipants to elaborate further. This approach helped collect information from participants while also
getting deeper insights into how the test library has been used in practice.

2.2 Data Analysis

2.2.1 Coverage analysis

At last, the results were evaluated and the collected data were analyzed. To answer the first re-
search question; if combining tools increases the coverage, the initial number of issues found was an-
alyzed for each test library individually and then compared in order to determine how many unique
violations and nodes each different test identified. From this comparison, it was possible to calculate
whether coverage increased when different test libraries were combined compared to when they were
used separately.

2.2.2 Debugging efficiency analysis

To answer the second research question, whether the test result supported the debugging process,
the number of issues found was measured and compared with the number of issues remaining after the
company had corrected the code based on the test results. This comparison was used to determine
whether a decrease in WCAG violations could be observed. If fewer issues were present, it could be
concluded that the developers had understood the test results and implemented the proposed fixes.

The interviews conducted with the developers that have used the test results to correct issues in
their web extension, focuses on analyzing the qualitative information. The purpose of these interviews
is to evaluate the usability of the developed test library. The interviews focus on understandingwhether
the developers found the test easy to work with and interpret the results, and also analyze if they have
any further insights on how the test could be improved for future work.

The qualitative information from the student interviews were analyzed by identifying recurring
themes, and leveraging the data to identify the various strengths and weaknesses of the proposed so-
lution to inform future research. The interview responses were first organized into a table containing
each participant’s answers for every question. The feedback and descriptions from all participants were
then compiled and grouped by question. Finally, the questionswere categorized based onwhether they
concerned the developed test library, or the raw accessibility data generated by Axe and Pa11y, in order
to identify overall patterns and perceptions.

2.3 Validity and Reliability

The method used to evaluate coverage included a test pool consisting of two different web ex-
tensions from the same company, which may have reduced reliability due to the limited sample size
and lack of diversity. However, the use of two extensions instead of one was considered to improve
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reliability to some extent. Furthermore, the selected extensions were derived from real-world applica-
tions rather than being constructed specifically for this experiment, which strengthens the validity of
the study.

To establish if the debugging efficiency increases while using the test result a mixed method was
used, the reason behind that is that relying solely on qualitative methods would limit the ability to
objectively evaluate the effectiveness of the test library, and exclusively quantitative methods would
fail capturing developer perceptions and usability aspects. Therefore, a mixed-methods approach was
considered more suitable for addressing both technical outcome and user experience.

The use of interviews instead of a survey for the developers from the company was due to the
limited number of participants. The interviews allow for a more detailed response and for follow-
up questions, which helps ensure that the collected data is qualitative and reliable. This approach al-
lows evaluating the developed test library’s presentation by gathering developers experiencewith using
it, including whether the tests were understandable, useful for identifying accessibility problems, and
helpful when correcting the detected issues. Combining these methods ensures to capture both mea-
surable outcomes and user experience.

To complement the developer interviews and add reliability, student interviewswere conducted.
The student interviews included four different WCAG violations, wherein each interview contained
two presented via the proposed compiled test library and two were presented in raw JSON output. To
improve reliability, the violations were switched for half of the participants so that each violation was
presented in both formats, the test library format and raw JSON format, across different interviews.
By doing this, the risk that some violations are simply easier to understand than others was eliminated,
regardless of how they are presented.

What reduces the reliability in both the developer and student interviews is that the responses
dependon the individual developers, as people have different prior experiences andmay interpret ques-
tions differently. If the same test were conducted again with the same test phase but with a different
group, it would not produce the same results.

2.4 Considerations

The scientific contribution established an automated accessibility test library that combines mul-
tiple accessibility tools, that offer both technical and practical value. By improving the coverage of
detected WCAG violations, by combining multiple tests, and by presenting the results in a clear and
readable way, the test library can help developers when identifying and correcting accessibility issues.
This approach can also help companies create a more inclusive web environment through improved
accessibility evaluation.

Another consideration is the ethical impact that WCAG testing can have on users. Since the
goal of the test library is to make web applications more inclusive and accessible, it is crucial that the
functionalities and results are handled with care. It must be ensured that no criteria are misinterpreted
or misrepresented, as the dissemination of incorrect information could negatively affect the users who
are intended to benefit the most, particularly individuals with accessibility needs.
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3
Theoretical Framework

3.1 Paradigm and frameworks

This study is primarily based on a positivism research paradigm, which means that the work
will be done with the belief that only valid knowledge, that is, knowledge that can be measured and
objectively analyzed through experiments and quantitative data, is scientific [14]. This approach is
the traditional paradigm for Computer science, where formal testing and evaluation of systems are
commonly used to validate theories and hypotheses.

In this research, wewill follow a deductive research framework as described by [14], where exist-
ing theories and previous research are used as the foundation for formulating hypotheses.[14] further
describe the hypotheses that are tested through structured data collection and analysis, with results
subsequently evaluated to determine whether they support the theoretical assumptions on which the
study is based.

3.2 Models and concepts

Themost importantmodels and concepts onwhich this researchwill be based areWCAG criteria
and automated testing.

The test library’s goal is to evaluate web applications WCAG levels. WCAG are a set of guide-
lines developed by the Accessibility Guidelines Working Group (AG WG) and versions up to 2.2 are
approved by the International Organization for Standardization (ISO). The WCAG guidelines are di-
vided into four principles: Perceivable, Operable, Understandable, and Robust. For example, color
contrast is a perceivable issue, as users with color vision deficiencies may otherwise struggle to dis-
tinguish content. Similarly, a correct HTML structure is essential for screen readers to interpret and
present the content correctly. Based on how many success criteria are achieved by the web application,
it will be classed as a conformance level A, AA or AAA, where A is the lowest and AAA the highest [15].

Writing tests can take up a lot of valuable time and bemorework for developers, therefore the test
library will be based on automated testing. According to an article about automated software testing
tool the goal of automated test is “to reduce the error that may be done by the user because users are
slow and could make an error, so this leads to reduce the cost of software.” [16]. But since many
of the WCAG guidelines are visible and not detectable in the code, automated tests cannot identify
them. These criteria require manual evaluation, which makes it difficult for automated testing alone to
determine whether a web application fully meets the success criteria [16].
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3.3 Technical elements

The elements described below are the test frameworks used in this research, a tool evaluation
from previous research, its impact on coverage, and pipeline implementations.

The automated test that was developed used a test framework. In this research, Beautiful Soup
was chosen, which is a Python-based library used for extracting data fromHTMLdocuments. HTML is
the standardmarkup language used to structure content onwebsites. The library was also used to parse
navigation links and extract the full link structure of a website, often referred to as the site’s link tree.
This process made it possible to traverse and analyze entire websites or web applications by following
their internal navigation structure. This capability enabled systematic coverage analysis of complete
web applications [13].

To take advantage of previous research anddevelopment already existing automated test libraries
were used. There are a variety of established tools for WCAG testing, and in research where they have
compared the most common tools against each other, they discovered that different tools discover
different errors [17]. They measure the tools with two different measures:

1. Coverage Error Ratio (CER) measures the tools against each other. How many of the errors
found were also found by the other tools. Figure 3.1 shows the calculations.

Figure 3.1: CER calculations [17]

2. Issue Coverage Ratio (ICR)measures the tools detections against reality, meaning how many of
the total issues were found. Figure 3.2 shows the calculations.

Figure 3.2: ICR calculations [17]

From the study, the statistical results of the evaluated test libraries are presented in figure 3.3. The
findings indicated that Axe and Lighthouse achieved the highest CER values, while Includia demon-
strated the highest ICR. However, the results also showed that no tool achieved an ICR above 25%,
meaning that approximately 75% of issues remained undetected [17].

For this project, Axe, Pa11y, and Ace were chosen to be combined to achieve higher coverage.
According to [17], Axe has one of the highest CER scores, while Pa11y and Ace complement Axe well.
All three tools meet the requirements, as they support JSON output, are free to use, and can be run
from the command line. [18]

For the test library to be able to run in the company’s environment and help them test forWCAG,
a pipeline was used. Pipelines are a way of automating workflows in different steps. The steps take an
input, process it and send an output to the next step, with the goal to deliver a tested, runnable version
of the code in the end. One of the steps is testing [19], and the goal is that the test library will be run in
such a pipeline step.
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Figure 3.3: Tool evaluation results [17]
’
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4
Results

4.1 Presentation of Collected Data

4.1.1 Test coverage results

The test library have been run on two of the company’s web applications. For the first applica-
tion, it identified a total of 20 violations with 121 nodes. Of these, Axe found eight violations with 99
associated nodes, and two of the violations were fully unique when compared to the other tests. Pa11y
found nine violations with 17 associated nodes, of which four were unique. Ace identified three viola-
tions with four associated nodes, all of which were unique compared to Axe and Pa11y. These results
are displayed in 4.1.

Tool Violations Nodes Unique Violations Unique Nodes
Axe 8 99 2 6
Pa11y 9 17 4 7
Ace 3 5 2 4

Table 4.1: Initial accessibility results across tools for web-app 1.

When using the test on the company’s secondweb application, it identified a total of 14 violations
with 218 related nodes. Of these, Axe found seven violations with 211 associated nodes, six violations
were unique. Pa11y found three violations with three associated nodes, of which two were unique
compared to Axe and Ace. Ace identified four violations with four associated nodes, three of them
were unique. These results are displayed in table 4.2.

Tool Violations Nodes Unique Violations Unique Nodes
Axe 7 211 6 209
Pa11y 3 3 2 2
Ace 4 4 3 3

Table 4.2: Initial accessibility results across tools for web-app 2.

After the developers at the company have used the test library’s results to fix the accessibility
issues, they managed to correct almost all the issues. The final results are shown below in table 4.3.
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Tool Violations Nodes Unique Violations Unique Nodes
Axe 0 0 0 0
Pa11y 0 0 0 0
Ace 3 5 3 5

Table 4.3: Final accessibility evaluation results across tools for web-app 1.

4.1.2 Debugging efficiency results

Developer interviews results

The three developers that used the tests library result for debugging described in their interviews
that the reports was useful for identifying accessibility problems, understanding their causes, and guid-
ing the implementation of fixes.

A recurring theme among the participants was that the reports simplified the debugging work-
flow by reducing the need for manual investigation. A developer who had previous experience with
WCAG debugging explained that it previously required manually searching for information, making
automated checks considerably more efficient. Similarly, another participant mentioned that they
would have felt “lost” without the report.

The participants also highlighted that the reports generally made it possible to identify both the
what the issue was and the location of the issue. The reports were described as “clear and easy to un-
derstand”, with explanations of what was wrong, why it was wrong, and in many cases how the issue
could be resolved. Two developers specifically emphasized that the reports pointed “almost exactly” to
where the problems were located in the code, which reduced the time needed to trace errors manually.
However, some limitations were identified in applications using Angular, a JavaScript-based frontend
framework for developing web applications, where issue locations were occasionally inaccurate or un-
clear.

Another aspect commonly discussed was the structure and readability of the PDF report. While
the reports were considered informative and well-organized by violation categories, all participants
noted that the amount of information could become overwhelming due to repetition and the large
number of reported issues. Suggestions for improvement included adding better navigation features
such as anchors, links, and chapters to make the reports easier to browse.

The developers also commented on the inclusion of Ace’s manual checks within the reports. All
three participants expressed some level of frustration with these entries because they remained visible
even after issues had been resolved. The manual checks were perceived as distracting and potentially
confusing during debugging. Participants suggested that these checks should either be hidden, sepa-
rated more clearly, or explicitly marked as requiring manual verification.

The developers stated that the reports integrated well into their workflow and could be useful in
future development, particularly to ensure compliance with newWCAG requirements or accessibility-
focused releases. However, one participant noted that continued use would depend on organizational
priorities, since WCAG compliance was not legally required for their specific application.

Student interviews results

From the interviews with the students, the following information were able to be collected and
are shown in table 4.4, 4.5, and 4.6. The tables present the recurring comments identified during the
interviews together with the number of times each comment occurred.
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Comment Amount
Easy/simple 13
Brief and concise 9
Good format 2
Good 2
Bad order 1

Table 4.4: Final student interview mapping - Formatted result

Comment Amount
Overwhelming amount of content 11
Confusing 5
Unclear how many problems 3
Easy/simple 2
Repetitive 1
Good order 1
Bad 1

Table 4.5: Final student interview mapping - Axe

Comment Amount
Easy/simple 8
Brief and concise 4
Confusing 2
Overwhelming amount of content 1
Good order 1
Bad format 1

Table 4.6: Final student interview mapping - Pa11y
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4.2 Data Analysis

4.2.1 Coverage data analysis

In the first application that was tested, the coverage increased by 75,0% in terms of violations
and 11,1% in terms of nodes when adding Pa11y and Ace to Axe. In the second web application, it
was observed that by complementing Axe with Pa11y and Ace, 71.4% more unique violations were
identified and 2.4% more unique nodes compared to using Axe alone.

4.2.2 Debugging efficiency data analysis

Developer interview analysis

Synthesizing the developer interviews, all three participants stated that the reports helped them
identify accessibility issues and locate them in the code. Two participants mentioned that the issue lo-
cationswere close to the source of the problem, while limitationswere reported inAngular applications
where locations were sometimes unclear.

All participants commented on the PDF structure and noted that the reports contained a large
amount of information with repeated entries. Suggested improvements included adding navigation
elements such as anchors, links, and chapters.

All three developers also commented on theAcemanual checks, stating that they remained visible
after issues had been resolved. Suggestions included hiding them, separating them, or marking them
more clearly as manual checks.

The participants described possible future use of the reports in development workflows and
accessibility-related work, although one participant noted that continued use could depend on organi-
zational priorities.

Student interview analysis

Looking at table 4.4, 4.5, and 4.6, the formatted display of test results has 26 positive comments
and one negative comment, Pa11y’s presentation of results has 13 positive comments and four negative
comments, and Axe’s has three positive comments and 21 negative comments. Most people found the
formatted presentation and Pa11y’s to be easy to use. However, only two people found Axe’s presen-
tation to be easy to use. Most people thought that Axe’s presentation consisted of an overwhelming
amount of information.
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5
Discussion

5.1 Result Discussion

5.1.1 Coverage result discussion

To answer the first research question regarding coverage, We can see from tables 4.1 and 4.2 it
can be concluded that the coverage becomes larger when combining different tests in the same library.
Whenusing the test library on the collaborating company’s twowebprograms, the number of violations
and nodes increased. The number of unique violations was the most increased compared to when only
using one test, and the number of nodes grew but not as much. This is because Ace’s and Pa11y’s
violations only had 3-17 nodes on each violation, while Axes violation could have up to 94 nodes on
only one violation. Overall, it’s shown that Axe is superior in finding violations and nodes compared
to the other test.

These findings are consistent with the results reported by [17], discussed in Section 3.3. Similar
to their observations, we found that different accessibility testing libraries identify different sets of
unique errors. As a result, combining multiple testing libraries increases the CER, as a broader range
of accessibility issues can be detected than when relying on a single library alone.

Despite Axe featuring the most broad coverage of discovered issues, it’s still valuable to combine
the test because the violations that Axe misses and the other test finds are critical issues that can impact
the WCAG levels negatively. In this case Pa11y found more HTML structural issues, and Ace found
more color and size issues that Axe misses.

Worthmentioning is that in this comparisonAxe is used as the base that the coverage ismeasured
against. If Pa11y or Ace were the base used to compare the differences, the coverage would be more
extreme.

5.1.2 Debugging efficiency result discussion

After the developers at the company use the test result to debug and fix the issues they managed
to correct them all. The only remaining issueswere themanual checks generated byAce, which indicate
elements that requiremanual verification, for example ”verify color is not used as the only visual means
of conveying information”.
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Developer interviews

Regarding the second research question, the findings suggest that the presentation of results
in the combined accessibility testing library positively affected developers’ ability to resolve WCAG-
related issues. Participants highlighted the clear issue descriptions, practical guidance for remediation,
and accurate indications of where issues were located within the codebase, all of which contributed to
a more efficient debugging process.

At the same time, the findings revealed several areas for improvement, including report navi-
gation, reducing repetitive information, and providing better support for manual accessibility checks.
Despite these shortcomings, the overall perception of the testing library was positive, with participants
generally considering it a valuable tool for identifying and resolving accessibility issues.

Student interviews

The results displayed in 4.4, 4.5, and 4.6, may indicate that the way data are presented can affect
the ease with which developers understand and navigate detected problems. Presentations that were
perceived as easy to use and brief and concisemight reduce the time that developers spend interpreting
the results. Thiswould then lead to the developers being able to focusmore on resolving the issue rather
than finding and understanding it.

Axe’s presentation consists of noticeably more information than both Pa11y’s and the formatted
presentation. Although detailed information can be useful in some situations, the responses received
would suggest that it was unnecessary and overwhelming and could even make it difficult to interpret
the results, especially for developers who are not as experienced with this type of work.

Pa11y received both positive and negative feedback, where some students thought the presen-
tation was concise and easy to use, while others found it confusing and that there was unnecessary
information.

These findings suggest that accessibility tools could benefit from prioritizing clarity, structure,
and concise summaries when presenting the test results. Having too many details in the presentation
might negatively affect usability and could make resolving accessibility issues more difficult than nec-
essary.

Compared to both Axe and Pa11y, the formatted presentation received the highest amount of
positive feedback and the fewest negative comments. This may indicate that a concise and structured
presentation can help developers when interpreting a detected WCAG violation.

5.2 Method Discussion

5.2.1 Coverage method discussion

The method used to evaluate the test coverage involved dividing and grouping the results from
the different test libraries when presenting the data in the report. This made it easier to compare the
coverage of each test library. The number of additional unique issues identified by the combined tests
was then calculated and compared to the results obtained when using only Axe.

For more reliable results, additional web applications should have been included so that the con-
clusions could have been drawnwith greater certainty. The inclusion ofmore applications andwebsites
from different companies and organizations would also have strengthened the findings and increased
the validity of the conclusions drawn in this study. Likewise, additional tests could have been included
to enable a broader comparison and to determine whether certain tests did not contribute to increased
test coverage and to identify which libraries provided such contributions.
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5.2.2 Debugging efficiency method discussion

The debugging efficacy was evaluated using the applied method in collaboration with the partner
company, in order to assess real-world usability, complemented by student interviews.

Overall, the method was considered successful. However, its validity and generalization could
have been improved through a larger amount of participants, a greater number of tested web applica-
tions and websites, and a broader geographical scope. In addition, including participants with more
diverse backgrounds and varying levels of experience would likely have provided a more comprehen-
sive understanding of the method’s effectiveness across different contexts.

Having both student and developer interviews increases both the quality and validity of the re-
sults. The student interviews helped research the usability of the different presentations, while the
developer interviews gave insight into how effectively they could be used for debugging. Combining
the interviews provided a practical and comparative insight, strengthening the validity of the findings.

Developer interviews method discussion

The approach was found to support the developers at the company by improving the debugging
processes. However, the comparison was made against a baseline in which no automated testing li-
braries were used, which may have resulted in more favorable outcomes than if comparisons had been
made against other existing test libraries.

To further increase the validity of the thesis, a larger number of developers and a broader set
of web applications would have been preferable. In the present study, only three participants were
included, which limited the width of perspectives and reduced the generalization of the findings. In
addition, one of the participants had only limited experience working with the generated PDF results,
which may have influenced the consistency and depth of the feedback provided. A more balanced
distribution of experience among participants could therefore have contributed to more reliable and
representative results.

One of the interviewed developers at the company had prior experience with WCAG-based de-
bugging, and therefore his responses were assumed to contain greater depth than those of the other
participants. However, this was not taking into account in the result analysis. Consequently, selecting
a company with prior WCAG experience could have increased the reliability of the results. However,
the research was also intended to target companies that had not previously developed their web code
with WCAG compliance in mind. From this perspective, the selected company was considered an ap-
propriate fit for the study.

Student interviews method discussion

The student interviews were used for comparing multiple formats and understanding how in-
terpretable the formatted presentation of results is compared to the raw JSON. Semi-structured in-
terviews worked well for this purpose, as it allowed the students to elaborate on their feedback and
opinions around the perceived clarity between the different presentations. Since students were able to
comparemultiple presentation formats, it might havemade it easier for them to identify the differences
between the different presentations and explain which presentations they preferred and why.

The same violations were used for every interview, but the format for presenting them switched
between the different participants. This was done to reduce the risk that some issues would be easier or
more difficult to understand regardless of the presentation and therefore receive feedback regarding
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the issue rather than the format. By changing the format, an even coverage of all different formats
could be ensured to strengthen the reliability of the study.

However, since the interviews are focused on perceived usability and understanding of the vio-
lation, they are subjective to the individual student and their preferences. This might reduce the relia-
bility of the study since the results depend on the person interviewed and the results might differ if the
interviews were conducted again with new people.

Some limitations during this study include the fact that there is a small number of 13 participants
in the interviews. By incorporating more people into the interviews, the results would become more
reliable. A low number of interviewees limits the extent to which the findings can be generalized,
making the results less reliable.

Another limitation is the fact that the interviewed students are not professional developers. Al-
though the students have experience with web development, their opinions and feedback may differ
from professional developers who have more experience with accessibility testing. This could make
the results less accurate and valid for the research.
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6
Conclusion and Further Research

6.1 Conclusions

This study was conducted to investigate whether combining existing automated accessibility
tools and presenting their results in a structured and readable format could increase the coverage of
detectedWCAGviolations and improve debugging efficiency. To evaluate this, a test librarywas devel-
oped by combining multiple accessibility tools, and its performance was assessed through quantitative
measurements of detected issues as well as qualitative interviews with developers and students.

The conclusions that can be drawn from this research are that combining more accessibility tools
will increase the WCAG violation coverage, and by having an automated test library with a formatted
result the debugging efficiency will increase.

With the quantitative method it was found that by measuring the combined and separated test
library issues on two different web-apps from a company, and calculated the numbers from the re-
sult that violations increases significantly and nodes increases slightly. This answers the first research
question.

The findings of the two different types of interviews suggest that the developed test library´s
presentation format helped developers understand and navigate accessibility issues. When presented
with the formatted data, raw data from Axe and Pa11y, students generally preferred the developed test
library result format, and the developer from the collaborating company who worked with the test
results over time also found it helpful. The measured numbers of issues from the tests before and after
the developers used the test outputs for debugging showed that all identified issues were resolved. This
indicates that the descriptions provided in the result PDF were sufficient for identifying all issues. This
addresses the second research question.

6.1.1 Practical implications

Our research suggests that formatting and combining data from existing automated accessibil-
ity testing tools improves debugging efficiency, making it an effective way for companies to integrate
WCAG compliance into production workflows in a smooth and manageable manner. This is particu-
larly important for companies who are or plans toworkingwith public institutions or regulated sectors
such as the police, courts, banks, tax agencies, or government organizations, where compliance with
WCAG 2.1 Level AA is often legally required. Therefore the test library will save companies time,
money and increase the coverage and accuracy when debugging for WCAG issues.
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When it becomes easier to make websites and applications more WCAG compliant, the adop-
tion of accessibility standards may increase. This can have significant societal benefits, particularly for
people who rely on accessible digital services in their daily lives. Users with visual, auditory, motor,
or cognitive impairments often face barriers when navigating inaccessible websites and applications.
Improving accessibility allows these users to participatemore independently in essential activities such
as education, employment, banking, healthcare and overall web-communication. In this way, improv-
ing accessibility does not only enhance usability, but can also contribute to greater inclusion, equal
opportunities, and an improved quality of life for individuals with disabilities.

6.1.2 Scientific implication

The findings from this studymay contribute to the scientific research surrounding the automated
accessibility evaluation and WCAG testing. The results indicate that combining multiple accessibility
testing tools can improve the coverage of detected violations compared to relying on one single tool.

The study also contributes to research on the presentation of accessibility testing results. The
findings from this research might indicate that the structure and presentation of accessibility results
may affect how easily the developers can interpret and resolve detected issues. This shows how impor-
tant considering usability for the developer is when designing accessibility tests.

6.2 Further Research

There are several opportunities for future research and development identified during this study,
both regarding the technical implementation of the test library and also considering the usability of the
PDF presentation of results.

For future work, improving the way the results are presented in the PDF based on the feedback
from the developers would be good. This could include improving the navigation within the PDF, for
example by adding anchors, chapters, and links. Since developers often do not resolve all accessibility
issues at once, an improved navigationmightmake it easier to return to a specific violation andmanage
larger reports more efficiently.

Another comment was concerning the manual checks received by Ace. Several developers found
these confusing since they remain visible after every issue had been resolved. Further implementations
could investigate how to clearly display or separate the manual accessibility checks from the other
automatically detectable violations.

Future studies could also expand the test library by adding additional accessibility tests. This
could make it possible to further investigate the WCAG coverage and whether the different tools con-
tribute more significantly than others.

In addition, further research could also explore how the approach could be adapted to mobile
applications and other software environments beyond web applications.
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8
Appendices

8.1 Example of the formatted output

ID: list
Impact: serious
Description: Ensure that lists are structured correctly
Help: <ul> and <ol> must only directly contain <li>, <script> or <template> elements
More info: https://dequeuniversity.com/rules/axe/4.10/list?application=axeAPI
WCAG: wcag2a, wcag131
Node 1
Target: .mymembers
HTML: <ul class="mymembers">
URL:
http://localhost:4321/contact

8.2 Example of Axe’s output

"url": "http://localhost:4321/contact",
"violations": [ {
{
"description": "Ensure that lists are structured correctly",
"help": "<ul> and <ol> must only directly contain <li>, <script> or <template>
elements",
"helpUrl": "https://dequeuniversity.com/rules/axe/4.10/list?application=axeAPI",
"id": "list",
"impact": null,
"nodes": [
{
"all": [],
"any": [],
"html": "<ul>",
"impact": null,
"none": [
{
"data": null,
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"id": "only-listitems",
"impact": "serious",
"message": "List element only has direct children that are allowed inside <li>
elements",
"relatedNodes": []
}
],
"target": [
"nav > ul"
]
},
{
"all": [],
"any": [],
"html": "<ul>",
"impact": null,
"none": [
{
"data": null,
"id": "only-listitems",
"impact": "serious",
"message": "List element only has direct children that are allowed inside <li>
elements",
"relatedNodes": []
}
],
"target": [
".users > ul"
]
}
],
"tags": [
"cat.structure",
"wcag2a",
"wcag131",
"EN-301-549",
"EN-9.1.3.1"
] },
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