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Towards Improving Students’ Software Testing Practices using Mod-
ified Mutation Testing

Rifat Sabbir Mansur

(ABSTRACT)

Mutation testing (MT) is a powerful technique for evaluating the quality of software test

suites by introducing small faults, called “mutations,” into code to assess if tests can detect

them. While MT has been extensively applied in the software industry, its use in program-

ming courses faces both computational and pedagogical barriers. My research investigates

the successful integration of MT in a post-CS2 Data Structures and Algorithms (DSA) course

with 3-4 week long programming projects. Through a comprehensive study across multiple

semesters, I investigated three key aspects: the computational demands of MT in an ed-

ucational auto-grading system, the effect of MT on student test suite quality and coding

practices, and the development of a framework for effectively integrating MT in program-

ming courses. Initially, the implementation of standard MT showed mixed results due to

inadequate stock feedback. This prompted me to develop a tailored approach that modified

MT feedback, while also incorporating additional documentation and training materials. I

also observed a noticeable increase (30-50 seconds per submission) in the auto-grader’s pro-

cessing time and feedback turnaround time when using MT, raising concerns about potential

server overload. At the same time, the collection of changes made to the environment and

requirements as part of this intervention led to an overall reduction in the number of sub-

missions per student needed to complete the projects. My findings suggest that students

using modified MT, as a group, demonstrated higher quality test suites and wrote better

solution code compared to students whose test suites were graded on code coverage. This



version of MT with modified feedback also showed positive results in student understanding

and application of MT principles compared to MT with stock feedback. Analysis of IDE

activity data, code submissions, and 38 semi-structured student interviews led me to provide

a framework for introducing MT as an effective intervention. Thus, my research provides a

framework for effectively integrating MT in programming courses, contributing to improved

student test suite development and offering practical guidelines for instructors introducing

MT in undergraduate Computer Science courses.



Towards Improving Students’ Software Testing Practices using Mod-
ified Mutation Testing

Rifat Sabbir Mansur

(GENERAL AUDIENCE ABSTRACT)

Software plays a crucial role in our daily lives, from the apps on our smartphones to the sys-

tems that control our cars and homes. Ensuring that software works correctly and reliably

is essential to prevent potential harm or inconvenience caused by malfunctions. One way to

ensure software quality is through thorough testing, which involves writing test cases that

check whether the software behaves as expected under various conditions. One advanced

testing technique used in the software industry is mutation testing (MT), which deliberately

introduces small changes (or “mutations”) into working code to see if existing tests can

catch these artificial mistakes. While this technique is powerful, its adoption in program-

ming courses has been challenging due to technical limitations and teaching difficulties. My

research focused on successfully introducing MT in a college-level computer programming

course. I studied how MT could be effectively taught to students while managing the ad-

ditional computational demands it places on the course’s automated grading system. Over

multiple semesters, I developed and refined an approach that made MT more accessible

and beneficial for students. Initially, using standard MT tools proved problematic because

students found the stock feedback difficult to understand. In response, I modified a more

student-friendly version with clear explanations, documentations, and training materials.

While this improved version did require more processing time from the grading system, I

also applied solutions to alleviate computational overload on the course’s automated grading



system, such as allowing students to run MT on their own computers. The results were en-

couraging: students who used modified MT wrote better tests and produced higher quality

code compared to students graded using the previous test suite quality measure (code cover-

age). Following interviews with students and analysis of their coding patterns, I developed

a comprehensive framework for successfully introducing MT in programming courses. Fi-

nally, my research provides practical guidelines for instructors who want to incorporate this

industry-standard testing technique into their teaching, ultimately helping students become

better programmers. My research contributes to the field of Computer Science education by

improving training in testing, helping students create more robust software tests, and pro-

viding instructors with insights into effectively teaching this influential yet complex topic.
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Software testing is a critical component of the software development lifecycle, ensuring the

quality and reliability of software systems [33, 49, 74]. In the context of undergraduate Com-

puter Science Education (CSEd), teaching effective software testing practices is crucial for

equipping students with the necessary skills for their future careers [34, 72]. Mutation testing

(MT) [15], a fault-based testing technique, has emerged as a powerful tool for evaluating

the effectiveness of test suites and improving software quality. In the software industry, MT

plays a vital role in ensuring software reliability by identifying weaknesses in test suites,

guiding developers towards more comprehensive testing strategies.

Despite the importance of software testing, few Computer Science departments offer dedi-

cated courses on this subject [41, 49, 64]. Instead, many programs incorporate testing educa-

tion within existing programming courses through automated assessment of student-written

test cases. Traditionally, code coverage (CC) has been the primary metric for evaluating test

effectiveness in these settings. CC measures the percentage of code executed during testing,

providing a basic indication of testing thoroughness. However, CC has significant limita-

tions in measuring actual fault detection capabilities and can be manipulated by students

to achieve high coverage without meaningful testing [17].

MT offers a more rigorous approach to assessing test suite quality by systematically intro-

ducing small faults (“mutations”) into the code and evaluating whether the test suite can

detect these changes [15]. While MT has gained popularity in industry [6, 56, 60], its

1
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adoption in educational settings faces both computational and pedagogical challenges. The

computational cost of MT is significant, as each mutation requires a separate execution of

the test suite, potentially leading to increased processing times and server load issues in

automated grading systems. Additionally, the complexity of existing MT feedback can be

overwhelming for students, requiring careful consideration of how feedback is presented and

interpreted.

My dissertation research investigates the comprehensive integration of MT in undergraduate

CSEd through a series of three studies, each addressing a key aspect of MT implementation:

The first study examines the computational implications of integrating MT into an educa-

tional auto-grading system. I investigate the additional processing time required to assess

test suites by MT, the impact of MT on feedback turnaround time (FTT) for both DSA and

other courses running on the auto-grader, and the potential of client-side MT execution to

mitigate server load issues. This study aims to provide concrete guidelines for institutions

considering MT implementation, helping them balance the educational benefits with the

practical constraints of their computational resources.

Research questions associated with this study:

• How much additional processing time is required for a typical DSA job that

uses MT?

• What is the impact of using MT in a DSA course on the FTT for DSA projects

within the course, and the FTT for projects in other concurrent courses?

• Does providing client-side MT execution capability affect the number of sub-

missions students make to the AAT?
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The second study focuses on the impact of MT on student performance in programming

projects. I compare student performance between a semester where students were graded

using CC to assess test suite quality and a semester using MT. I compared test suite quality,

solution code correctness and complexity, and testing behavior patterns. This study assesses

the pedagogical benefits of MT in fostering better testing practices and overall software

development skills.

Research questions associated with this study:

• How does our introduction of MT impact the quality of student-written test

cases?

• What is the effect of MT on the project solution code written by the students?

• How does our introduction of MT impact students’ behavior in terms of test

case development?

The third study addresses the pedagogical challenges of integrating MT in CS education.

I investigate students’ perceptions and behaviors when using CC, their experiences with

standard MT feedback provided by industry tools, and the development of modified MT

feedback mechanisms tailored for educational contexts. Through multiple semesters of im-

plementation and refinement, supported by student interviews and quantitative analysis,

I develop a comprehensive framework for presenting modified MT feedback in educational

settings. This framework aims to bridge the gap between students’ current understanding

and the sophisticated feedback provided by MT, ultimately improving their testing practices

and understanding.
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Research questions associated with this study:

• What are students’ perceptions of the value of writing test suites and their

testing behaviors when using CC in programming projects?

• What are students’ performance and their impressions of using PIT’s stock MT

feedback for evaluating their test suites?

• What impact does modified MT feedback and targeted MT instructional re-

sources have on students’ testing perception, practices, and outcomes?

The overarching goal of my research is to provide a comprehensive framework for effectively

integrating MT into undergraduate CS courses, addressing the computational, performative,

and pedagogical challenges associated with its implementation. By investigating these three

interconnected aspects, I aim to bridge the gap between industry-standard testing practices

and the unique needs of educational settings, ultimately contributing to the improvement of

software testing education and better preparing students for professional software develop-

ment careers.

Through this comprehensive investigation, my dissertation contributes to the field of CSEd

by providing practical guidelines for instructors seeking to incorporate MT into their courses,

a framework for managing the computational demands of MT in educational settings, and

insights into the pedagogical strategies that can maximize the educational benefits of MT.

The outline of my dissertation is as following:

• Chapter 2: I place my work within a broader context by reviewing and linking literature

on the computational cost of running MT, impact of MT as a test quality metric, and

an effective feedback framework for integrating MT.
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• Chapter 3 I explore the technical feasibility of MT integration in educational settings,

identifying potential bottlenecks and mitigation strategies.

• Chapter 4: Building upon the foundation from Chapter 3, I assess the pedagogical

benefits of MT in terms of student performance outcomes and development of testing

skills.

• Chapter 5: I address the challenges using standard MT feedback, proposing a modi-

fied MT feedback and training materials to meet the specific needs of undergraduate

students.

• Chapter 6: I provide a summary of our findings and discuss potential directions for

future research that emerge from the work presented in this dissertation.

Adhering to the “manuscript” dissertation format, the subsequent chapters incorporate ma-

terial from published or in-progress manuscripts, where I am the primary contributor and

author. I have reorganized certain sections to create a cohesive document.

The papers are:

• Exploring the Bug Investigation Techniques of Intermediate Student Programmers [43]

• Mutating Matters: Analyzing the Influence of Mutation Testing in Programming

Courses [44]

• The Hidden Cost of Mutation Testing on Online Auto-Grader [45]

• Improving Students’ Testing Skill through Mutation Testing with Modified Feedback

and Training (in preparation)
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�i�B�K�2�X

�.�a�� �b�i�m�/�2�M�i �2�M�`�Q�H�H�K�2�M�i �7�Q�` �6���H�H �k�y�k�R ���M�/ �a�T�`�B�M�; �k�y�k�9 �b�2�K�2�b�i�2�`�b �r���b �j�k�3 ���M�/ �j�3�R�- �`�2�b�T�2�+�@

�i�B�p�2�H�v�X �6�m�`�i�?�2�` ���M���H�v�b�B�b �Q�7 �b�2�`�p�2�` �H�Q�;�b �`�2�p�2���H�2�/ �b�B�K�B�H���` �T���i�i�2�`�M�b �B�M �Q�p�2�`���H�H �q�2�#�@�*���h ���+�i�B�p�B�i�v
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�h���#�H�2 �j�X�k�*�Q�K�T���`�B�b�Q�M �Q�7 �q�2�#�@�*���h �b�m�#�K�B�b�b�B�Q�M �b�i���i�B�b�i�B�+�b ���+�`�Q�b�b �L�Q�M�@�J�h ���M�/ �J�h
�b�2�K�2�b�i�2�`�b

�L�Q�M�@�J�h �b�2�K�2�b�i�2�`
�h�Q�i���H �O �Q�7 �a�m�#�K�B�b�b�B�Q�M�b�W �U�Q�7 ���H�H �b�m�#�b�V�O �Q�7 �a�m�#�K�B�b�b�B�Q�M�b �m�M�/�2�` �G�Q���/�W �Q�7 �a�m�#�K�B�b�b�B�Q�M�b �m�M�/�2�` �G�Q���/

���H�H �+�Q�m�`�b�2�b �k�k�j�8�k�R �N�9�R�3 �8�X�3�N�W �U�Q�7 ���H�H �b�m�#�b�V
�P�i�?�2�` �*�Q�m�`�b�2�b �R�d�N�R�8�8 �3�y�X�R�8�W �e�y�d�R �9�X�d�9 �W �U�Q�7 ���H�H �Q�i�?�2�` �+�Q�m�`�b�2�b�V
�.�a�� �*�Q�m�`�b�2�b �9�9�j�e�e �R�N�X�3�8�W �9�e�3�R �R�y�X�8�8�W �U�Q�7 ���H�H �.�a���V

�J�h �a�2�K�2�b�i�2�`
�h�Q�i���H �O �Q�7 �a�m�#�K�B�b�b�B�Q�M�b�W �U�Q�7 ���H�H �b�m�#�b�V�O �Q�7 �a�m�#�K�B�b�b�B�Q�M�b �m�M�/�2�` �G�Q���/�W �Q�7 �a�m�#�K�B�b�b�B�Q�M�b �m�M�/�2�` �G�Q���/

���H�H �+�Q�m�`�b�2�b �k�j�k�k�R�d �3�N�R�R �j�X�3�9�W �U�Q�7 ���H�H �b�m�#�b�V
�P�i�?�2�` �*�Q�m�`�b�2�b �R�3�3�8�R�y �3�R�X�R�3�W �d�8�3�j �9�X�y�k�W �U�Q�7 ���H�H �Q�i�?�2�` �+�Q�m�`�b�2�b�V
�.�a�� �*�Q�m�`�b�2�b �9�j�d�y�d �R�3�X�3�k�W �R�j�k�d �j�X�y�9�W �U�Q�7 ���H�H �.�a���V

�#�2�i�r�2�2�M �i�?�2 �i�r�Q �b�2�K�2�b�i�2�`�b�X ���b �b�2�2�M �B�M �h���#�H�2�j�X�k�- �i�?�2 �i�Q�i���H �M�m�K�#�2�` �Q�7 �q�2�#�@�*���h �b�m�#�K�B�b�b�B�Q�M�b

�U�7�`�Q�K ���H�H �+�Q�m�`�b�2�b�V �r�2�`�2 �k�k�j�-�8�k�R ���M�/ �k�j�k�-�k�R�d �7�Q�` �6���H�H �k�y�k�R ���M�/ �a�T�`�B�M�; �k�y�k�9�- �`�2�b�T�2�+�i�B�p�2�H�v�-

�`�2�T�`�2�b�2�M�i�B�M�; �� �K�Q�/�2�b�i �B�M�+�`�2���b�2 �Q�7 �H�2�b�b �i�?���M �9�W �#�2�i�r�2�2�M �i�?�2 �i�r�Q �b�2�K�2�b�i�2�`�b�X �q�2 ���H�b�Q �Q�#�b�2�`�p�2�/

�+�Q�K�T���`���#�H�2 �q�2�#�@�*���h �b�m�#�K�B�b�b�B�Q�M �T���i�i�2�`�M�b ���+�`�Q�b�b �M�Q�M�@�J�h ���M�/ �J�h �b�2�K�2�b�i�2�`�b�- �r�B�i�? �i�?�2 �.�a��

�+�Q�m�`�b�2 �2�t�?�B�#�B�i�B�M�; �Q�M�H�v �� �R�X�8�W �/�B�7�7�2�`�2�M�+�2 �U�9�9�-�j�e�e �p�b�X �9�j�-�d�y�d �b�m�#�K�B�b�b�B�Q�M�b�V�X �h�?�2�b�2 �b�B�K�B�H���`�B�i�B�2�b

�B�M �b�m�#�K�B�b�b�B�Q�M �p�Q�H�m�K�2�b �b�m�T�T�Q�`�i �Q�m�` �/�2�+�B�b�B�Q�M �i�Q �m�b�2 �i�?�2�b�2 �i�r�Q �b�2�K�2�b�i�2�`�b ���b ���T�T�`�Q�T�`�B���i�2 �+���M�@

�/�B�/���i�2�b �7�Q�` �+�Q�K�T���`�B�b�Q�M �B�M �Q�m�` �b�i�m�/�v�X

�h�Q ���+�+�m�`���i�2�H�v �[�m���M�i�B�7�v �i�?�2 ���/�/�B�i�B�Q�M���H �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�b�i ���i�i�`�B�#�m�i���#�H�2 �i�Q �J�h�- �r�2 �+�Q�M�b�B�/�2�`

�i�r�Q �F�2�v ���b�T�2�+�i�b�,

�Ç �a�m�#�K�B�b�b�B�Q�M �S�`�Q�+�2�b�b�B�M�; �h�B�K�2�, �� �/�2�i���B�H�2�/ ���M���H�v�b�B�b �Q�7 �i�?�2 ���p�2�`���;�2 �i�B�K�2 �`�2�[�m�B�`�2�/ �i�Q �2�p���H�@

�m���i�2 �B�M�/�B�p�B�/�m���H �b�i�m�/�2�M�i �b�m�#�K�B�b�b�B�Q�M�b �m�b�B�M�; �*�* �p�2�`�b�m�b �J�h�- �r�?�B�H�2 �+�Q�M�i�`�Q�H�H�B�M�; �7�Q�` �Q�i�?�2�`

�T�Q�i�2�M�i�B���H �B�M�7�H�m�2�M�+�2�b �Q�M �T�`�Q�+�2�b�b�B�M�; �i�B�K�2�b�X

�Ç �a�m�#�K�B�b�b�B�Q�M �S�`�Q�+�2�b�b�B�M�; �h�B�K�2 ���i �G�Q���/�, ���M ���b�b�2�b�b�K�2�M�i �Q�7 �?�Q�r �*�* ���M�/ �J�h �T�`�Q�+�2�b�b�2�b

�B�K�T���+�i �q�2�#�@�*���h�ö�b �T�`�Q�+�2�b�b�B�M�; �i�B�K�2 �r�?�2�M �i�?�2 �b�2�`�p�2�` �B�b ���i �H�Q���/�- �K�2���M�B�M�; �2�M�Q�m�;�? �+�Q�M�@

�+�m�`�`�2�M�i �H�Q���/ �i�Q �2�M�;���;�2 ���H�H �T���`���H�H�2�H �r�Q�`�F�2�`�b �`�2�b�m�H�i�B�M�; �B�M ���i �H�2���b�i �Q�M�2 �b�m�#�K�B�b�b�B�Q�M �#�2�B�M�;

�[�m�2�m�2�/ �U���M�/ �i�?�m�b �2�t�T�2�`�B�2�M�+�B�M�; �b�Q�K�2 �r���B�i �i�B�K�2�V�X

�P�m�` �b�i�m�/�v �B�M�+�Q�`�T�Q�`���i�2�/ �/���i�� �+�Q�H�H�2�+�i�B�Q�M �7�`�Q�K �#�Q�i�? �b�2�`�p�2�`�@�b�B�/�2 �U�q�2�#�@�*���h�V ���M�/ �+�H�B�2�M�i�@�b�B�/�2
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�U�b�i�m�/�2�M�i�b�ö �H�Q�+���H �K���+�?�B�M�2�b�V �b�Q�m�`�+�2�b�X �*�Q�K�T�`�2�?�2�M�b�B�p�2 �H�Q�;�b �7�`�Q�K �q�2�#�@�*���h �r�2�`�2 �;���i�?�2�`�2�/�X �h�?�2�b�2

�+�Q�M�i���B�M�2�/ �2�b�b�2�M�i�B���H �B�M�7�Q�`�K���i�B�Q�M �b�m�+�? ���b �T�`�Q�+�2�b�b�B�M�; �i�B�K�2 ���M�/ �[�m�2�m�2 �r���B�i �i�B�K�2�X �h�?�2 �b�2�`�p�2�`�@

�b�B�/�2 �H�Q�;�b �r�2�`�2 �+�Q�H�H�2�+�i�2�/ �M�Q�i �Q�M�H�v �7�`�Q�K �i�?�2 �.�a�� �+�Q�m�`�b�2�- �r�?�2�`�2 �J�h �r���b �B�M�i�`�Q�/�m�+�2�/�- �#�m�i ���H�b�Q

�7�`�Q�K �Q�i�?�2�` �+�Q�m�`�b�2�b �m�b�B�M�; �i�?�2 �q�2�#�@�*���h �b�2�`�p�2�` �r�B�i�?�Q�m�i �J�h�X �h�Q �2�b�i���#�H�B�b�? �� �+�Q�M�i�`�Q�H �M�Q�M�@�J�h

�b�2�K�2�b�i�2�`�- �r�2 �m�b�2�/ �H�Q�;�b �7�`�Q�K �i�?�2 �6���H�H �k�y�k�R �.�a�� �+�Q�m�`�b�2�- �r�?�B�+�? �m�b�2�/ �*�* �7�Q�` �i�2�b�i �[�m���H�B�i�v �K�2���@

�b�m�`�2�X �h�?�B�b �T�`�Q�p�B�/�2�/ �� �#���b�2�H�B�M�2 �7�Q�` �+�Q�K�T���`�B�b�Q�M �B�M �Q�m�` �b�m�#�b�2�[�m�2�M�i �2�t�T�2�`�B�K�2�M�i�b�X �A�M �a�T�`�B�M�;

�k�y�k�9�- �r�2 �/�2�T�H�Q�v�2�/ �Q�m�` �J�h �B�K�T�H�2�K�2�M�i���i�B�Q�M ���b �/�2�b�+�`�B�#�2�/ �B�M �a�2�+�i�B�Q�M�j�X�R�X�R�X �h�Q �7���+�B�H�B�i���i�2 �b�i�m�@

�/�2�M�i ���/���T�i���i�B�Q�M �i�Q �J�h �B�M �i�?�2�B�` �T�`�Q�D�2�+�i �/�2�p�2�H�Q�T�K�2�M�i�- �r�2 �T�`�Q�p�B�/�2�/ ���/�/�B�i�B�Q�M���H �2�/�m�+���i�B�Q�M���H

�`�2�b�Q�m�`�+�2�b ���M�/ �i�m�i�Q�`�B���H�b�X �a�m�#�K�B�b�b�B�Q�M �i�?�`�Q�m�;�? �i�?�2 �1�+�H�B�T�b�2 �T�H�m�;�@�B�M �#�2�+���K�2 �K���M�/���i�Q�`�v �7�Q�` ���H�H

�.�a�� �b�i�m�/�2�M�i�b �/�m�`�B�M�; �i�?�2 �J�h �b�2�K�2�b�i�2�`�X �h�?�B�b �2�M�?���M�+�2�/ �J�h �B�M�i�2�`�p�2�M�i�B�Q�M �2�M���#�H�2�/ �i�?�2 �+�Q�H�H�2�+�@

�i�B�Q�M �Q�7 �?�B�;�?�@�[�m���H�B�i�v �/���i���- �r�?�B�+�? �r�2 �+�Q�M�b�B�/�2�` �b�i���#�H�2 ���M�/ �b�m�B�i���#�H�2 �7�Q�` �Q�m�` ���M���H�v�b�B�b�X

�h�Q �+�Q�H�H�2�+�i �H�Q�;�b �7�`�Q�K �b�i�m�/�2�M�i�b�ö �H�Q�+���H �r�Q�`�F�b�T���+�2�b�- �Q�m�` �1�+�H�B�T�b�2 �T�H�m�;�@�B�M �H�Q�;�b �r�?�2�M�2�p�2�` �� �b�i�m�/�2�M�i

�T�2�`�7�Q�`�K�2�/ �J�h�X �h�?�2�b�2 �H�Q�;�b �2�M���#�H�2 �m�b �i�Q �i�`���+�F �i�?�2 �7�`�2�[�m�2�M�+�v ���i �r�?�B�+�? �b�i�m�/�2�M�i�b �2�t�2�+�m�i�2 �J�h �Q�M

�i�?�2�B�` �i�2�b�i �b�m�B�i�2�X �a�i�m�/�2�M�i�b ���`�2 �2�M�+�Q�m�`���;�2�/ �i�Q �+�Q�M�/�m�+�i �J�h �7�`�2�[�m�2�M�i�H�v �B�M �i�?�2�B�` �H�Q�+���H �2�M�p�B�`�Q�M�K�2�M�i

�i�Q �2�M�?���M�+�2 �i�?�2 �[�m���H�B�i�v �Q�7 �i�?�2�B�` �i�2�b�i�b�X �P�M�2 �Q�7 �Q�m�` �?�v�T�Q�i�?�2�b�2�b �b�m�;�;�2�b�i�b �i�?���i �b�i�m�/�2�M�i�b �r�?�Q

�7�`�2�[�m�2�M�i�H�v �`�m�M �J�h �Q�M �i�?�2�B�` �H�Q�+���H �K���+�?�B�M�2 �r�Q�m�H�/ �2�t�2�`�i �H�2�b�b �H�Q���/ �Q�M �i�?�2 �q�2�#�@�*���h �b�2�`�p�2�`�- ���b

�i�?�2�v �T�Q�b�b�2�b�b �� �7���b�i�2�` ���M�/ �K�Q�`�2 �+�Q�M�p�2�M�B�2�M�i �H�Q�+���H �J�h �i�Q�Q�H �i�Q �m�b�2 �B�M �T�`�2�7�2�`�2�M�+�2 �i�Q �q�2�#�@�*���h

�b�m�#�K�B�b�b�B�Q�M�b�X �h�Q �i�2�b�i �i�?�B�b �?�v�T�Q�i�?�2�b�B�b�- �r�2 �+�Q�K�T���`�2 �i�?�2 �b�m�#�K�B�b�b�B�Q�M �T���i�i�2�`�M�b �Q�7 �b�i�m�/�2�M�i�b �r�?�Q

���+�i�B�p�2�H�v �`�m�M �J�h �H�Q�+���H�H�v �p�2�`�b�m�b �i�?�Q�b�2 �r�?�Q �/�Q �M�Q�i�X

�j�X�k �_�2�b�m�H�i�b

�P�m�` �.�a�� �+�Q�m�`�b�2 �`�2�[�m�B�`�2�b �b�i�m�/�2�M�i�b �i�Q �+�Q�K�T�H�2�i�2 �7�Q�m�` �b�B�x���#�H�2 �T�`�Q�;�`���K�K�B�M�; �T�`�Q�D�2�+�i�b�X �P�M�2

�+�Q�M�+�2�`�M �B�b �i�?���i �/�2�T�H�Q�v�B�M�; �J�h �K�B�;�?�i �/�2�H���v �7�2�2�/�#���+�F �i�Q �.�a�� �b�i�m�/�2�M�i�b�- �b�B�M�+�2 �2�t�2�+�m�i�B�M�; �J�h

�Q�M �i�?�2 �T�`�Q�D�2�+�i�b �i���F�2�b �i�B�K�2�X �� �b�2�+�Q�M�/ �+�Q�M�+�2�`�M �B�b �i�?���i �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �H�Q���/ �`�2�[�m�B�`�2�/ �i�Q
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�b�m�T�T�Q�`�i �i�?�B�b ���/�/�B�i�B�Q�M���H �T�`�Q�+�2�b�b�B�M�; �7�Q�` �J�h �m�b�2 �B�M �i�?�2 �.�a�� �+�Q�m�`�b�2 �K�B�;�?�i �M�2�;���i�B�p�2�H�v ���7�7�2�+�i

�b�2�`�p�2�` �H�Q���/ �7�Q�` ���H�H �b�i�m�/�2�M�i�b�X �6�`�Q�K �i�?�2 �b�2�`�p�2�` �H�Q�;�b�- �r�2 �?�Q�T�2 �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �2�t�i�2�M�i �i�Q �r�?�B�+�?

�J�h ���7�7�2�+�i�b �T�`�Q�+�2�b�b�B�M�; �i�B�K�2 ���M�/ �7�2�2�/�#���+�F �i�m�`�M���`�Q�m�M�/ �i�B�K�2 �U�6�h�h�V �Q�M �q�2�#�@�*���h�X �h�Q �b�2�2 �i�?�2

�2�7�7�2�+�i�b �Q�M �Q�i�?�2�` �+�Q�m�`�b�2�b�- �r�2 �+�Q�H�H�2�+�i�2�/ �b�B�K�B�H���` �b�2�`�p�2�` �H�Q�; �/���i�� �/�m�`�B�M�; �i�?�2 �b���K�2 �i�r�Q �b�2�K�2�b�i�2�`�b�X
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�b�2�K�2�b�i�2�` �U�`�B�;�?�i�V�X �h�?�2�`�2 �B�b �� �b�i���i�B�b�i�B�+���H�H�v �b�B�;�M�B�7�B�+���M�i �B�M�+�`�2���b�2 �B�M �6�h�h �7�Q�` �.�a�� �+�Q�m�`�b�2
�B�M �i�?�2 �J�h �b�2�K�2�b�i�2�`�- �r�B�i�? ���M ���/�/�B�i�B�Q�M���H �/�2�H���v �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v �9�3 �b�2�+�Q�M�/�b �U�Q�` �8�e�W
�H�Q�M�;�2�` �i�?���M �m�b�m���H�V�X �>�Q�r�2�p�2�`�- �M�Q�i�2 �i�?���i �Q�M�H�v �9�W �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �2�t�T�2�`�B�2�M�+�2�/ �?�B�;�?�2�`
�6�h�h �/�2�H���v�b �/�m�2 �i�Q �H�Q���/�X �L�Q�i�2�, �h�?�2 �v�@���t�B�b �?���b �#�2�2�M �H�B�K�B�i�2�/ �i�Q �e�y�y �b�2�+�Q�M�/�b �7�Q�`
�#�Q�i�? �7�B�;�m�`�2�b �i�Q �7���+�B�H�B�i���i�2 �/�B�`�2�+�i �p�B�b�m���H �+�Q�K�T���`�B�b�Q�M�X ���b �� �`�2�b�m�H�i�- �b�Q�K�2 �Q�m�i�H�B�2�`�b �2�t�i�2�M�/
�#�2�v�Q�M�/ �i�?�2 �p�B�b�B�#�H�2 �`���M�;�2�X
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�6�B�;�m�`�2 �j�X�8�6�`�2�[�m�2�M�+�v �Q�7 �b�i�m�/�2�M�i�@�B�M�B�i�B���i�2�/ ���b�b�2�b�b�K�2�M�i�b �Q�7 �i�2�b�i �[�m���H�B�i�v�- �b�T�2�+�B�7�B�+���H�H�v
�H�Q�+���H �2�t�2�+�m�i�B�Q�M �Q�7 �+�Q�/�2 �+�Q�p�2�`���;�2 �U�M�Q�M�@�J�h �b�2�K�2�b�i�2�`�V ���M�/ �K�m�i���i�B�Q�M �i�2�b�i�B�M�; �U�J�h
�b�2�K�2�b�i�2�`�V�X �h�r�B�+�2 ���b �K���M�v �i�2�b�i �+�Q�p�2�`���;�2 �+�?�2�+�F�b �r�2�`�2 �K���/�2 �H�Q�+���H�H�v �m�b�B�M�; �1�+�H�B�T�b�2
�/�m�`�B�M�; �i�?�2 �J�h �b�2�K�2�b�i�2�`�X �h�?�B�b �B�b �b�B�;�M�B�7�B�+���M�i �Up� value < 0:001�V�- �B�M�/�B�+���i�B�M�; �� �+�H�2���`
���M�/ �b�m�#�b�i���M�i�B���H �b�?�B�7�i �B�M �b�i�m�/�2�M�i �#�2�?���p�B�Q�`�X

���T�T�2���` �Q�M �i�?�2 �b�i�m�/�2�M�i�ö�b �#�`�Q�r�b�2�` �T���;�2�X �h�?�B�b �p���`�B�2�b �/�2�T�2�M�/�B�M�; �Q�M �M�2�i�r�Q�`�F �b�T�2�2�/ ���M�/ �H�Q���/�B�M�;�-

�#�m�i �r�2 �7�B�M�/ �i�?���i �i�?�B�b �B�b �i�v�T�B�+���H�H�v ���#�Q�m�i �R�8 �b�2�+�Q�M�/�b�X �h�?�m�b�- �i�?�2 �Q�p�2�`���H�H �B�K�T���+�i �Q�7 �J�h �Q�M �.�a��

�b�i�m�/�2�M�i�b �+���M �#�2 �+�Q�M�b�B�/�2�`�2�/ �i�Q �#�2 ���M �B�M�+�`�2���b�2 �Q�7 ���#�Q�m�i �9�8 �b�2�+�Q�M�/�b�- �;�`�Q�r�B�M�; �7�`�Q�K �� �M�Q�M�@�J�h

�K�2�/�B���M �i�B�K�2 �i�Q �`�2�+�2�B�p�2 �7�2�2�/�#���+�F �Q�7 ���#�Q�m�i �j�y �b�2�+�Q�M�/�b �i�Q �� �J�h �K�2�/�B���M �i�B�K�2 �Q�7 ���#�Q�m�i �d�8

�b�2�+�Q�M�/�b�X �a�m�#�K�B�i�i�B�M�; �/�m�`�B�M�; �#�m�b�v �i�B�K�2�b �r�B�H�H �i�v�T�B�+���H�H�v ���/�/ ���#�Q�m�i �� �K�B�M�m�i�2 �i�Q �i�?�B�b�X

�j�X�k�X�j �_�Z�j�, �A�K�T���+�i �Q�7 �H�Q�+���H �J�h �m�b�2 �Q�M �q�2�#�@�*���h �b�m�#�K�B�b�b�B�Q�M�b

�q�2 �?���p�2 �7�Q�` �b�Q�K�2 �v�2���`�b �m�b�2�/ ���M �1�+�H�B�T�b�2 �T�H�m�;�@�B�M �i�Q �K���F�2 �i�?�2 �b�i�m�/�2�M�i �2�t�T�2�`�B�2�M�+�2 �r�B�i�?�B�M �i�?�2

�A�.�1 �i�Q �#�2 ���b �+�H�Q�b�2 ���b �T�Q�b�b�B�#�H�2 �i�Q �i�?���i �2�M�+�Q�m�M�i�2�`�2�/ �Q�M �q�2�#�@�*���h �(�j�3�)�X �q�2 �m�T�/���i�2�/ �i�?�B�b



�j�e �+�Ñ�ž�ÿ���¶�� �k�Y �+�ñ�è�ÿ�����ž���Ô�ñ�é�ž�ã �+�ñ���� �ñ�Å � �̀��é�é�Ô�é�Ì �K�i

�6�B�;�m�`�2 �j�X�e�L�m�K�#�2�` �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �K���/�2 �i�Q �i�?�2 �q�2�#�@�*���h �#�v �2���+�? �b�i�m�/�2�M�i �/�m�`�B�M�;
�M�Q�M�@�J�h �b�2�K�2�b�i�2�` �U�H�2�7�i �#�Q�t �T�H�Q�i�V ���M�/ �J�h �b�2�K�2�b�i�2�` �U�`�B�;�?�i �#�Q�t �T�H�Q�i�V�X �h�?�2�`�2 �B�b ��
�b�i���i�B�b�i�B�+���H�H�v �b�B�;�M�B�7�B�+���M�i �/�B�7�7�2�`�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 �i�r�Q �;�`�Q�m�T�b�- �r�B�i�? �b�i�m�/�2�M�i�b �B�M �M�Q�M�@�J�h
�b�2�K�2�b�i�2�` �2�t�?�B�#�B�i�B�M�; �� �?�B�;�?�2�` �i�2�M�/�2�M�+�v �i�Q �b�m�#�K�B�i �i�Q �q�2�#�@�*���h �Up� value << 0:001�V�X
�h�?�2 �M�m�K�#�2�` �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �K���/�2 �#�v �b�i�m�/�2�M�i�b �B�M �M�Q�M�@�J�h �b�2�K�2�b�i�2�` �B�b ���T�T�`�Q�t�B�K���i�2�H�v
�9�y�W �;�`�2���i�2�` �i�?���M �#�v �i�?�2�B�` �J�h �b�2�K�2�b�i�2�` �+�Q�m�M�i�2�`�T���`�i�b�X
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�T�H�m�;�@�B�M �i�Q �b�m�T�T�Q�`�i �J�h �r�?�2�M �i�?�2 �J�h �`�2�[�m�B�`�2�K�2�M�i �r���b �B�M�i�`�Q�/�m�+�2�/�X �P�M�2 �?�Q�T�2�/�@�7�Q�` �`�2�b�m�H�i �B�b

�i�?���i �i�?�2 ���#�B�H�B�i�v �i�Q �`�m�M �J�h �H�Q�+���H�H�v �r�B�H�H �`�2�/�m�+�2 �i�?�2 �M�m�K�#�2�` �Q�7 �i�B�K�2�b �i�?���i �b�i�m�/�2�M�i�b �b�m�#�K�B�i �i�?�2�B�`

�T�`�Q�D�2�+�i �i�Q �q�2�#�@�*���h�X �h�Q �7�m�`�i�?�2�` �B�M�p�2�b�i�B�;���i�2 �r�?�2�i�?�2�` �T�`�Q�p�B�/�B�M�; �� �+�H�B�2�M�i�@�b�B�/�2 �J�h �2�t�2�+�m�i�B�Q�M

�K�2�i�?�Q�/ ���7�7�2�+�i�b �i�?�2 �M�m�K�#�2�` �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �b�i�m�/�2�M�i�b �K���F�2 �i�Q �q�2�#�@�*���h�- �r�2 ���M���H�v�x�2�/ �b�2�`�p�2�`

�H�Q�;�b �7�`�Q�K �i�r�Q �b�2�K�2�b�i�2�`�b�- �6���H�H �k�y�k�R �U�M�Q�M�@�J�h�V ���M�/ �a�T�`�B�M�; �k�y�k�9 �U�J�h�V�X �q�2 �7�Q�+�m�b�2�/ �Q�M �i�r�Q

�F�2�v �K�2�i�`�B�+�b�, �i�?�2 �M�m�K�#�2�` �Q�7 �H�Q�+���H �i�2�b�i �2�p�2�M�i �H���m�M�+�?�2�b �#�v �b�i�m�/�2�M�i�b ���M�/ �i�?�2 �M�m�K�#�2�` �Q�7 �b�i�m�/�2�M�i

�b�m�#�K�B�b�b�B�Q�M�b �K���/�2 �i�Q �i�?�2 �q�2�#�@�*���h �b�2�`�p�2�` �7�Q�` �� �b�B�M�;�H�2 �T�`�Q�D�2�+�i�X

�h�?�2 �+�Q�K�T���`�B�b�Q�M �Q�7 �H�Q�+���H �i�2�b�i �H���m�M�+�?�2�b �#�2�i�r�2�2�M �i�?�2 �M�Q�M�@�J�h ���M�/ �J�h �b�2�K�2�b�i�2�`�b �`�2�p�2���H�b ��

�b�B�;�M�B�7�B�+���M�i �B�M�+�`�2���b�2 �B�M �i�?�2 �M�m�K�#�2�` �Q�7 �i�B�K�2�b �b�i�m�/�2�M�i�b �2�t�2�+�m�i�2�/ �i�2�b�i�b �H�Q�+���H�H�v �r�?�2�M �J�h �r���b

�B�M�i�`�Q�/�m�+�2�/�X �A�M �i�?�2 �M�Q�M�@�J�h �b�2�K�2�b�i�2�`�- �i�?�2 �K�2���M �M�m�K�#�2�` �Q�7 �H�Q�+���H �i�2�b�i �H���m�M�+�?�2�b �T�2�` �b�i�m�/�2�M�i

�r���b �R�3�R �U�a�. �4 �R�R�e�X�9�R�V�- �r�B�i�? �� �K�2�/�B���M �Q�7 �R�e�N�- ���b �b�2�2�M �B�M �6�B�;�m�`�2�j�X�8�X �h�?�2 �K�B�M�B�K�m�K �M�m�K�#�2�`

�Q�7 �H���m�M�+�?�2�b �r���b �y�- ���M�/ �i�?�2 �K���t�B�K�m�K �r���b �R�y�R�R�X �h�?�2 �B�M�i�2�`�[�m���`�i�B�H�2 �`���M�;�2 �U�A�Z�_�V �r���b �R�j�N�X�8�y�-

�r�B�i�? �i�?�2 �k�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �R�y�y ���M�/ �i�?�2 �d�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �k�j�N�X

�A�M �+�Q�M�i�`���b�i�- �/�m�`�B�M�; �i�?�2 �J�h �b�2�K�2�b�i�2�`�- �i�?�2 �K�2���M �M�m�K�#�2�` �Q�7 �H�Q�+���H �i�2�b�i �H���m�M�+�?�2�b �T�2�` �b�i�m�/�2�M�i

�B�M�+�`�2���b�2�/ �i�Q �j�e�N �U�a�. �4 �R�d�d�X�N�d�V�- �`�2�T�`�2�b�2�M�i�B�M�; �� �R�y�9�W �B�M�+�`�2���b�2 �+�Q�K�T���`�2�/ �i�Q �i�?�2 �M�Q�M�@�J�h

�b�2�K�2�b�i�2�`�X �h�?�2 �K�2�/�B���M �p���H�m�2 �r���b �j�e�R�- ���M�/ �i�?�2 �A�Z�_ �r���b �N�e�- �r�B�i�? �i�?�2 �k�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �j�y�j

���M�/ �i�?�2 �d�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �9�y�y�X �h�?�2 �K�B�M�B�K�m�K �M�m�K�#�2�` �Q�7 �H���m�M�+�?�2�b �`�2�K���B�M�2�/ ���i �y�- �r�?�B�H�2 �i�?�2

�K���t�B�K�m�K �B�M�+�`�2���b�2�/ �i�Q �R�d�d�j�X

�h�?�2�b�2 �`�2�b�m�H�i�b �b�m�;�;�2�b�i �i�?���i �i�?�2 �B�M�i�`�Q�/�m�+�i�B�Q�M �Q�7 �J�h �B�M �i�?�2 �J�h �b�2�K�2�b�i�2�` �?���/ �� �b�m�#�b�i���M�i�B���H

�B�K�T���+�i �Q�M �b�i�m�/�2�M�i�b�ö �H�Q�+���H �i�2�b�i�B�M�; �#�2�?���p�B�Q�`�X �h�?�2 �?�B�;�?�2�` �K�2���M ���M�/ �K�2�/�B���M �p���H�m�2�b �B�M�/�B�+���i�2

�i�?���i �b�i�m�/�2�M�i�b �r�2�`�2 �K�Q�`�2 �2�M�;���;�2�/ �B�M �`�m�M�M�B�M�; �i�2�b�i�b �H�Q�+���H�H�v �r�?�2�M �J�h �r���b ���p���B�H���#�H�2�X �h�?�2

�B�M�+�`�2���b�2�/ �H�Q�+���H �i�2�b�i�B�M�; ���+�i�B�p�B�i�v �+�Q�m�H�/ �#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �i�?�2 �2�M�?���M�+�2�/ �7�2�2�/�#���+�F �T�`�Q�p�B�/�2�/ �#�v

�J�h�- �r�?�B�+�? �2�M�+�Q�m�`���;�2�b �b�i�m�/�2�M�i�b �i�Q �/�2�p�2�H�Q�T �K�Q�`�2 �`�Q�#�m�b�i �i�2�b�i �+���b�2�b �i�Q �/�2�i�2�+�i �T�Q�i�2�M�i�B���H �7���m�H�i�b

�B�M �i�?�2�B�` �+�Q�/�2�X
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�h�?�2 ���M���H�v�b�B�b �Q�7 �b�i�m�/�2�M�i �b�m�#�K�B�b�b�B�Q�M�b �i�Q �i�?�2 �q�2�#�@�*���h �b�2�`�p�2�` �7�Q�` �� �b�B�M�;�H�2 �T�`�Q�D�2�+�i �`�2�p�2���H�b ��

�/�B�7�7�2�`�2�M�i �i�`�2�M�/ �+�Q�K�T���`�2�/ �i�Q �i�?�2 �H�Q�+���H �i�2�b�i �H���m�M�+�?�2�b�X �6�Q�` �Q�m�` �/���i�� ���M���H�v�b�B�b�- �r�2 �/�B�b�+���`�/�2�/

�b�i�m�/�2�M�i �;�`�Q�m�T�b �r�?�Q �b�+�Q�`�2�/ �x�2�`�Q �Q�M �i�?�2 �T�`�Q�D�2�+�i �b�+�Q�`�2�X �A�M �i�?�2 �M�Q�M�@�J�h �b�2�K�2�b�i�2�`�- �i�?�2 �K�2���M

�M�m�K�#�2�` �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �T�2�` �b�i�m�/�2�M�i �r���b �j�8 �U�a�. �4 �j�8�X�9�d�V�- �r�B�i�? �� �K�2�/�B���M �Q�7 �k�8�- ���b �b�2�2�M �B�M

�6�B�;�m�`�2�j�X�e�X �h�?�2 �K�B�M�B�K�m�K �M�m�K�#�2�` �Q�7 �b�m�#�K�B�b�b�B�Q�M�b �r���b �j�- ���M�/ �i�?�2 �K���t�B�K�m�K �r���b �j�e�y�X �h�?�2

�A�Z�_ �r���b �k�N�- �r�B�i�? �i�?�2 �k�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �R�9 ���M�/ �i�?�2 �d�8�i�? �T�2�`�+�2�M�i�B�H�2 ���i �9�j�X
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�9�X�k�X�j �_�Z�j�, �1�7�7�2�+�i�b �Q�7 �J�h �Q�M �h�2�b�i�B�M�; ���+�i�B�p�B�i�v
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�b�2�K�2�b�i�2�`�b�- �r�2 �7�Q�m�M�/ �b�B�;�M�B�7�B�+���M�i �T�Q�b�B�i�B�p�2 �+�Q�`�`�2�H���i�B�Q�M �#�2�i�r�2�2�M �T�`�Q�D�2�+�i �+�Q�`�`�2�+�i�M�2�b�b ���M�/ �B�M�+�`�2�@
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Lp
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The effective integration of MT in CSEd requires not just the implementation of the testing

framework itself, but also the development of appropriate feedback mechanisms that students

can understand and effectively utilize. While MT has proven valuable in industry settings [56,

60], its direct application in educational contexts presents unique challenges that demand

careful consideration of how feedback is presented and interpreted by students.

In this chapter, I present my research into MT feedback development through three distinct

phases, each addressing specific aspects of student interaction with testing methodologies.

The first phase examined students’ existing testing practices and perceptions when using CC.

Understanding this baseline was crucial for developing effective MT feedback mechanisms, as

it revealed how students traditionally approached testing and what they valued in feedback

systems. Previous research has shown that students often struggle with interpreting testing

feedback [18], making this foundational understanding essential for developing more effective

feedback mechanisms.

The second phase of my research investigated students’ experiences with standard MT feed-

back provided by PIT [10], a widely-used Java MT tool. This investigation was critical

because industry-standard tools, while powerful, are typically designed for professional de-

velopers rather than students. The feedback from these tools often assumes a level of testing

knowledge and experience that undergraduate students may not possess. As highlighted by

Jia and Harman [32], the complexity of MT output can be overwhelming, particularly for

59
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novice programmers.

The third phase of my research focused on the development and evaluation of modified MT

feedback mechanisms. This work built upon the insights gained from the previous phases,

addressing the specific challenges and needs identified in student interactions with both CC

and standard MT feedback. I developed specialized documentation, training materials, and

feedback formats designed to bridge the gap between students’ current understanding and

the sophisticated feedback provided by MT.

My investigation was guided by three research questions that traced the evolution of my MT

feedback development. I seek to address the following research questions.

• What are students’ perceptions of the value of writing test suites and their

testing behaviors when using CC in programming projects?

• What are students’ performance and their impressions of using PIT’s stock MT

feedback for evaluating their test suites?

• What impact does modified MT feedback and targeted MT instructional re-

sources have on students’ testing perception, practices, and outcomes?

The first research question examined how students perceived and utilized testing feedback

in their traditional CC-based environment (RQ1). This understanding was crucial for iden-

tifying the specific areas where MT feedback needed to be adapted for educational use. The

second research question evaluated students’ responses to standard MT feedback, helping

us understand the specific challenges they faced when interpreting industry-standard MT

output (RQ2). The final research question assessed the effectiveness of my modified MT

feedback approach, examining how my specialized feedback mechanisms and supporting ma-

terials improved students’ testing practices and understanding (RQ3).
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Through multiple semesters of implementation and refinement, supported by 38 semi-structured

student interviews and extensive quantitative analysis of student submissions, I developed a

comprehensive framework for presenting MT feedback in educational settings. This frame-

work not only addresses the immediate needs of students learning to test their code but

also helps prepare them for the more sophisticated testing practices they will encounter in

professional settings [45].

My findings demonstrate that carefully modified MT feedback, combined with appropriate

supporting materials and training, can significantly improve students’ understanding and

application of testing principles. This improvement extends beyond just test suite qual-

ity to influence overall code development practices, suggesting that appropriate feedback

mechanisms play a crucial role in realizing the full educational potential of MT.

Our research focused on students enrolled in a post-CS2 undergraduate Data Structures

and Algorithms (DSA) course at [ANONYMOUS] University, an R1 institution in the US.

As part of the DSA course curriculum, students complete four 3-4 week long programming

projects in Java. This remained true throughout the various iterations of the course reported

on here.

Our effort to replace CC with MT for test suite evaluation evolved organically over three

semesters, each implementing different approaches to software testing. During our control

semester we used code coverage (CC) metrics as the primary method for evaluating students’

test suites. During this semester we also interviewed students about their testing practices

and solicited their feedback about the prospect of using MT instead of CC.
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For the first MT semester, we transitioned to MT using PIT, an open-source tool [10], which

we modified to use a selective set of two mutators. During the course of this semester we

received anecdotal feedback from students that they were struggling to understand MT, and

their overall performance on the earlier projects did not improve over that of CC semester.

Based on student feedback (including interviews that we discuss in this paper), we refined

and customized PIT’s standard feedback to better align with student learning needs. In

the second MT semester, we implemented this modified feedback along with additional

instructional materials. We then collected both qualitative and quantitative data to evaluate

students’ experiences with our improved feedback system.

We use identifiers for the semesters as follows:

• Students used CC, a familiar tool from their CS1

and CS2-level courses, to assess test suite quality. This serves as our control (it is a

continuation of many years of practice).

• MTps We introduced

MT using a sub-set of mutation operators along with stock PIT feedback. While there

was some instruction on the use of MT, it appears to have been inadequate for proper

understanding.

• MTmf

We replaced the stock PIT feedback with improved MT

feedback along with additional instructional resources to help students better under-

stand and use MT in their project development.

Our study of the student experience and project results employs a mixed-methods approach

combining qualitative and quantitative data collection and analysis, following [12]’s method-
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ology. This approach provides both a broad population view through quantitative analysis

and detailed individual insights through qualitative analysis. The study uses a convergent

parallel mixed-methods design with three phases, collecting and analyzing three independent

sets of qualitative and quantitative data.

Students in our DSA course are assigned a set of projects each semester that involve im-

plementing data structures and algorithms such as memory managers, buffer pools, various

trees, external sorting, hash tables, and graphs. To evaluate MT’s impact on different project

aspects, we chose collections of projects that were similar in across all three semesters. To

ensure a fair comparison, we verified that the cyclomatic complexity of the solutions across

the three sets of projects are similar. The goal was to make these projects equivalent in

terms of complexity and difficulty level.

For many years we have evaluated students’ programming proficiency using two metrics: 1)

“project correctness,” which measured the accuracy of students’ solution code against hidden

instructor reference test cases, and 2) “test coverage,” which gauged the quality of students’

test suites. Students receive feedback on test quality both from our automated assessment

tool (AAT) when they submit their project for evaluation, and locally through an Eclipse

plug-in.

In both the MTps and MTmf semesters, we set a target mutation coverage of 90%, rather than

aiming for the full 100%. This decision was consistent with our approach during previous

CC semesters, where we adopted a similar target for the same reasons. Specifically, we

wanted to maintain a balanced focus between testing and other key aspects of programming,

such as implementation and problem-solving. Achieving near-complete mutation coverage—
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particularly the last few percent—often requires a disproportionate amount of effort, which

could divert attention from other important learning objectives. By setting a more achievable

target, we ensured that students could focus on a broader range of skills without getting

overly fixated on reaching the maximum mutation coverage.

We also implemented a threshold-based feedback system where instructor reference test

cases remained hidden until students achieved 75% mutation coverage on their own test

suites (which we consider fairly easy to achieve with any reasonable effort to write tests).

This mechanism encouraged students to test their code before accessing additional guidance

from the AAT “oracle.” Once surpassing the 75% threshold, students received feedback on

which of the instructor’s test cases their code passed or failed, along with hints on why some

of the test cases were failing. This approach, consistent with practices from previous years

and across CC semesters, helped promote independent testing skills while offering structured

support for improvement.

Students developed their projects within their local IDE (Eclipse) and could submit to the

online auto-grader, Web-CAT [19], multiple times to receive feedback on the correctness of

their solution code and the coverage score of their test suite. To address the computational

demands of MT on student submissions to the AAT, we implemented a selective set of two

mutators as recommended by [37]. Each semester typically consisted of approximately 300

to 400 students, with over 10,000 student submissions to the AAT for each project.

Our qualitative analysis involves semi-structured interviews with students across all three

semester groups, following the guidelines outlined by [2]. All interviews were conducted by

the first author of this research to ensure consistency in the interview process and questioning
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techniques following the protocol listed in Table 5.1. The semi-structured format allowed for

flexible probing to better understand and clarify interviewees’ experiences and observations.

Interviewer could ask follow-up questions when needed for additional clarity beyond the

main protocol questions. This approach, as [2] notes, ensures data quality and reliability by

combining standardized main questions with flexible follow-up inquiries. All interviews took

place in private offices to maintain confidentiality and ensure clear audio recordings.

Our interview protocols focused on:

• Students were asked about their overall experience with the

programming testing approach as taught in that semester.

• Questions explored students’ perceived difficulty levels when

working with CC and MT.

• Interviews aimed to assess students’ understanding of

key testing concepts, such as test suite effectiveness, test case writing strategies, and

feedback mechanisms.

• Students were asked to explain their testing strategies to under-

stand how they used different tools, what features worked for them, the challenges

they faced, and their overall perception of the tools.

The semi-structured interview protocol was designed to be flexible, allowing researchers

to adapt the conversation based on students’ responses and interests while maintaining a

consistent framework for data collection.

We applied the principles of Grounded Theory, as outlined by [24], to systematically generate

categories and themes, ultimately deriving multiple insights from the interview transcripts.

The transcripts were analyzed through open coding, with themes and categories refined and
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Introduction � Study objectives overview
� Informed consent and confidentiality
agreements

5 minutes

Background
Information

� Student programming experience
� Prior testing concepts knowledge

5 minutes

Testing Strategy � Strategies used for testing
� Perceived difficulties with testing tools

15 minutes

Understanding
Key Concepts

� Improving Test Suite Coverage
� Role of feedback in testing tools

15 minutes

MT Experience � Understanding of MT principles
� Perceived challenges with MT

15 minutes

Closing
Reflections

� Final thoughts and additional comments 5 minutes

CC: Code Coverage Semester 328 12 4 5 3
ID: CCH(1-4) ID: CCA(1-5) ID: CCS(1-3)

MTps: Mutation Testing Semester
(PTI’s Stock 346 15 5 6 4

Feedback) ID: MPH(1-5) ID: MPA(1-6) ID: MPS(1-4)
MTmf : Mutation Testing Semester

(modified Feedback and 381 11 3 5 3
Additional Instructions) ID: MMH(1-3) ID: MMA(1-5) ID: MMS(1-3)

validated through multiple rounds of review. We retained only those connections between

categories that were consistently supported by the data. Grounded Theory served as the

analytical framework for interpreting the results, complementing the principles of design

science. This combined approach provided a holistic method for synthesizing our findings

across three semesters of data collection.

We conducted interviews with a total of 38 students: 12 students from the CC semester, 15

from the MTps semester, and 11 from the MTmf semester, as shown in Table 5.2. Using

stratified random sampling, we selected participants based on their programming project

implementation and midterm exam performance, dividing them into three groups: high
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achieving, average, and struggling. The high-achieving group (top 15% of the class) typically

demonstrated project scores of 100% and midterm exam scores of 95% or higher. When an-

alyzing their testing practices, we observed their mutation coverage typically exceeded 90%.

The average performance group (next 50% of the class) maintained project scores above 85%

and midterm scores ranging from 80% to 95%. This group’s mutation coverage generally fell

between 85-90%. The struggling group (bottom 35% of the class) showed project scores be-

tween 60-85% and midterm performance between 40-80%. Their mutation coverage typically

ranged from 75-85%. This ensures representation from all performance levels, in an attempt

to avoid skewing of data that could occur if random sampling disproportionately selected

students from any one achievement level. This is particularly important because students at

different performance levels may experience and interact with our testing tools differently.

We wanted to collect distinct insights and experiences across different achievement levels.

In this paper, we use a structured system of anonymized identifiers. This is to ensure

confidentiality and maintain anonymity while also preserving meaningful information about

each student’s academic performance and the semester in which they participated. The first

part of the identifier represents the semester in which the participant was enrolled. Each

group is denoted by a two-letter abbreviation: ‘CC’ for students in the CC semester, ‘MP’

for students in the MTps semester, and ‘MM’ for students in the MTmf semester. The

second part of the identifier indicates the participant’s academic performance level, which

is categorized into three levels: H for high-achieving students, A for average-performing

students, and S for struggling students. The final part of the identifier is a number that

differentiates between individual participants within each group. For example, CCH1 is a

high-achieving student from the CC semester, whereas MPA2 is an average student from

the MTps semester, and MMS3 is a struggling student from the MTmf semester. Table 5.3

presents demographic information of student interviewees across the three semesters.
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CC 12 6 4 10 2
MTps 15 8 7 13 2
MTmf 11 7 4 8 3

Along with qualitative analysis, which provided

insights into student experiences and behaviors, we also performed quantitative assessment

to empirically evaluate the impact of MT on test suite quality. Specifically, we conducted a

retrospective assessment of mutation coverage – indicating the percentage of code effectively

tested – across CC, MTps, and MTmf semesters. To reduce potential bias associated with

retrospectively assessing test quality with the same tool that students used to develop their

tests, we here assess test suite quality with MuJava by [42], another widely used MT tool.

We investigated the effect of MT on project correctness by analyzing mutation coverage

metrics across all three semesters. We used PMD [11], a source code analyzer that examines

code quality metrics such as cyclomatic complexity to determine if MT had any impact

on the overall quality of the students’ code. Cyclomatic complexity measures the number

of linearly independent paths through a program’s source code, indicating its complexity

based on control flow [23]. We investigated whether MT improves students’ code quality

by ensuring that edge cases and complex paths (as indicated by cyclomatic complexity) are

thoroughly tested, identifying weak spots in their code.

To investigate the effect of MT on students’ testing

activity, we collected various interactions within the IDE including code edits, test suite

edits, local execution of code, and test suite launch. Using these IDE event streams, we

quantified incremental activity following the methodology outlined by [38]. We applied the
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testing behavior classification framework developed by [44] to distinguish between students

who wrote tests to verify program correctness (authentic testing) and those who primarily

aimed to achieve required coverage scores (credit-seeking testing).

Through qualitative analysis of student interviews, we identified several valuable insights

on how students approached and understood different testing methods. We then validated

these insights through quantitative analysis of student submissions and performance data.

This allowed us to cross-reference our findings across both data sources and strengthen our

understanding of testing approaches in programming education.

CC is one of the first methods invented for measuring test suite quality [47]. It measures the

extent to which the source code of a program has been executed during testing. For many

years we have used CC to assess our students’ test suites (and to provide feedback about their

test suite quality to students). Students’ grades partially depended on achieving a specified

CC threshold (typically in the 90-97% range). The CC of student test suites is assessed

both at our AAT (for grading purposes) and also by the student’s IDE (Eclipse) using the

EclEmma Eclipse plug-in [29] so that students can know their test suite CC without needing

to make a submission to the AAT. Both systems measured the percentage of code executed

by test cases, highlighting untested sections through visual indicators. This dual-feedback

approach enabled students to continuously assess and improve their test suite quality before

final submission. Figure 5.1 demonstrates how students can visually assess which lines of

their code are being executed by their test suite.
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One problem with using CC in the context of grading for test suite quality is that it is

too easy to abuse CC to gain coverage. Students may focus on increasing coverage to

earn credit without properly verifying that the covered code is correct. This practice can

influence students’ perceptions of the value of writing test suites and achieving meaningful

code coverage, as evidenced by the interview results discussed below.

To gain a deeper understanding of students’ experiences with CC-based testing, we con-

ducted semi-structured interviews with 12 participants following the CC semester. We also

asked questions to get their perceptions related to a potential switch from CC to MT. Our

qualitative analysis, using the Grounded Theory approach, revealed three key themes related

to students’ perceptions, testing behaviors, and the limitations of CC metrics.
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Through our qualitative analysis, we identified a significant theme related to students’ per-

ceptions of value and their testing behavior in the context of CC-based testing. The cate-

gories that emerged within this theme suggest that students found limited value in CC-based

testing, and their use of JUnit tests was primarily driven by the desire to obtain course credit

rather than engaging in effective testing practices. 10 out of 12 students in the CC semester

expressed that CC metrics did not provide substantial insights into the quality or effective-

ness of their tests (Extract 1, Extract 2).

1 ( ): “The test cases don’t reveal too much. Most of the time

passes. Rather print statements reveal the problem.”

2 ( ): “My tests passed most of the time so it wasn’t that useful as

a method of finding bugs.”

Students’ testing behavior was largely influenced by the course credit associated with achiev-

ing certain coverage metrics (Extract 3, Extract 4, Extract 5). This was reported by all 12

of our students participants.

3 ( ): “JUnit is mostly used when its required, not really for de-

bugging.”

4 ( ): “We made sure we had working code (according to Web-CAT)

and not perfectly tested code.”

5 ( ): “It was hard to keep track of both of our progress. My partner

worked on something and didn’t actually write test code for it. I was writing
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test code for my parts. When we both finished, we had necessary coverage. So,

we didn’t write test code for his parts.”

All 12 of our students mentioned that they prioritized meeting coverage requirements set by

the automated grading system rather than focusing on developing comprehensive test cases.

The focus on achieving coverage metrics over effective testing practices was a recurring theme

in the students using CC (Extract 6, Extract 7).

6 ( ): “Arbitrarily CC feedback is not that helpful.”

7 ( ): “For Project 2 we had more bugs; and we would realize that

there were bugs when we submitted to Web-CAT, so we would realize that even

though our tests were passing, we were clearly missing some edge cases.”

Furthermore, one third of our students using CC expressed a general aversion towards writing

test cases (Extract 8, Extract 9).

8 ( ): “I hate writing tests to be honest.”

9 ( ): “Writing a test case for every single thing is a bit of a pain.”

Based on our analysis, we derived this summary Insight 1:
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Our qualitative analysis revealed that delayed testing practices, particularly post-implementation

testing, had a significant impact on students’ debugging experiences and overall performance

outcomes.

8 out of 12 students using CC only engaged in post-implementation system-level testing.

These students reported a substantial increase in debugging effort (Extract 10, Extract 11).

10 ( ): “After code ran for sample input and output we submitted

to Web-CAT; that was when we spent the most time debugging.”

11 ( ): “No bugs in my local machine; when i submitted to Web-

CAT, that’s when I started having bugs.”

The increased debugging effort associated with post-implementation testing often led to

heightened frustration among students during the testing phase (Extract 12, Extract 13).

12 ( ): “Trying to figure out what exact test case was breaking

our code...we only thought of so many cases, but Web-CAT would give us an

ambiguous hint and it was hard to figure out what test case was breaking.”

13 ( ): “...very time consuming to go to the TA for every new error

and to get this information from Web-CAT.”

The delayed testing approach also resulted in suboptimal performance outcomes for students.

Several students (7 out of 8) acknowledged the benefits of incremental testing practices, even

if they had not fully adhered to them (Extract 14, Extract 15).
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14 ( ): “Definitely write all the code and test it later….. gonna

attempt to try to do incremental testing this time around, mainly for sanity...

also for confidence knowing that something is working and i don’t have to worry

about it. This would help with keeping track of project progress.”

15 ( ): “It is very important for making every part work properly. I

believe it is important to focus all the part of programming importantly otherwise

it would take more.”

In contrast, 4 out of 12 students who employed incremental testing practices reported a more

positive experience (Extract 16).

16 ( ): “I test things pretty much as I write it. Otherwise you run

into situations where bugs manifest in one place, but the root cause is somewhere

else. Writing tests and debugging before moving on helps to know that things

are working before moving on.”

Based on our analysis, we derive the following Insight 2:

We found several limitations with using CC metrics in assessing the quality of test suites and

guiding students’ testing practices. 10 out of 12 students who used CC metrics expressed

concerns about the effectiveness of this approach (Extract 17, Extract 18).
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17 ( ): “CC doesn’t help you figure out WHERE the bug is, it

would just tell you something is covered.”

18 ( ): “Part of the requirement was omitted from the sample input

and output, so we were stuck on this for like a week before getting help from the

TA.”

The limitations of CC metrics led to a heavy reliance on the AAT for testing and debugging

(Extract 19, Extract 20).

19 ( ): “We did submit to Web-CAT multiple times to help find

the bugs….definitely took advantage of unlimited submissions sometimes….and

there were some times we would fix something and submit again to see if our fix

‘worked’.”

20 ( ): “Web-CAT submissions were the ‘ultimate’ tool.”

The inadequacy of CC metrics also resulted in an increased dependency on instructional

support for testing guidance (Extract 21, Extract 22).

21 ( ): “No bugs in my local machine; when i submitted to Web-

CAT, that’s when I started having bugs; so the TA helped me figure out the

bug.”

22 ( ): “TA helped us think about other edge cases that Web-CAT

was testing; they referred to the output that Web-CAT expected and where our

code was different…..helped us know which edge cases we were not accounting

for.”
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In our interviews with the CC group, we explained to students how MT works and compared

it to CC. 11 out of 12 interviewees indicated that what they were told sounds better to them

than CC in providing more comprehensive feedback (Extract 23, Extract 24).

23 ( ): “MT + reference test feedback would be multiple layers of

feedback, that would help triangulate where bugs are in the code.”

24 ( ): “It (MT) would be better than CC.”

Based on our analysis, we derive the following Insight 3:

Therefore, to address RQ1 we can say that based on our qualitative findings students using

CC placed little inherent value in writing test cases (Insight 1), often delayed testing until

after implementation (Insight 2), and heavily relied on automated assessment tools for testing

guidance (Insight 3). This led to suboptimal testing practices and project outcomes.
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Our qualitative findings reaffirm the need for an alternative metric to CC. The insights

derived from the CC semester interviews underscore the limitations of CC in promoting

effective testing practices. In the MTps semester, we introduced MT as a modified version of

PIT, using only the logical test and arithmetic mutation operators, as recommended by [37]

in order to reduce load on the AAT without significant reduction in effectiveness. Students’

MT scores were assessed as part of project submission grading and feedback by our AAT.

Additionally, we implemented PIT Eclipse plug-in that students could use to monitor their

MT coverage locally. Both the AAT and the local plugin reported three key metrics: line

coverage, mutation coverage, and test strength, along with detailed breakdowns by class.

While the local PIT plug-in and the AAT occasionally showed minor variations in their

feedback, both tools helped students track their testing progress throughout development.

The PIT plug-in interface shown in Figure 5.2 provides a comprehensive yet potentially

overwhelming set of feedback mechanisms. The main summary panel displays three key

metrics: Line Coverage (98%), Mutation Coverage (89%), and Test Strength (90%). These

stock PIT metrics are accompanied by detailed fractions showing the exact numbers, such

as 466/475 lines covered.

The “Breakdown by Class” section provides a granular view of these metrics for each Java

class in the project. For instance, the HashTable.java class shows 93% line coverage (79/85),

83% mutation coverage (66/80), and 85% test strength (66/78). Test strength is defined as

the ratio of the number of mutations killed by the test suite to the number of mutations
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covered by the tests. Mutation coverage, on the other hand, is the ratio of mutations killed

by the tests to the total number of possible mutations, irrespective of their coverage by the

tests. Line coverage refers to the ratio of line statements executed by the tests to the total

number of line statements potentially executable within the class under examination.

The plug-in also includes a mutation detail panel that lists “SURVIVED” mutants, which

are mutations that weren’t detected by the test suite. Meaning the tests still passed even

when the code was mutated. In the example shown, line 76 in HashTable.java has a surviving

mutant when a particular conditional check was replaced with ‘false’. Similar mutations are

listed for other lines, such as line 85 where a comparison check was modified. The “KILLED”

category refers to mutations that were successfully detected by the test suite — meaning the

tests failed when they should have failed. The “TIMED_OUT” group represents mutations

that caused the tests to exceed their allocated execution time. As a result, the mutants

“survived” or weren’t detected by the test suite. Finally, the “NO_COVERAGE” category

indicates code segments that weren’t executed by any test cases. The code view panel

highlights the relevant lines of code where mutations were applied, allowing students to see
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exactly where their test cases need improvement. This visual feedback helps students locate

specific areas requiring attention.

Through anecdotal evidence from students and poorer project outcomes, we determined

that there were problems with the deployment of MT in our courses. One of the issues

we identified is that PIT’s stock feedback presents several challenges for students. The

groupings of mutants and jargon used in the feedback can create an additional layer of

complexity, making it difficult for students to understand the results while simultaneously

learning software testing concepts. The abstract nature of MT, combined with the specialized

vocabulary, appears to lead to knowledge overload and requires additional explanation and

context to make the feedback more accessible to student programmers. The volume and

complexity of PIT’s stock feedback, which is not tailored to students’ needs, can create a

barrier to learning for those who are still developing their testing skills.

When implementing PIT in Web-CAT, we began augmenting the stock feedback with ad-

ditional clarifications. Web-CAT presents MT feedback through a visual interface that

highlights specific lines of code where mutations have “survived” — meaning the exist-

ing test cases failed to detect the introduced changes. As shown in the attached image of

HashTable.java, lines that contain surviving mutants are highlighted with a light red back-

ground. This visual indication immediately draws students’ attention to areas where their

test cases need improvement. When students hover over these highlighted lines, Web-CAT

displays informative pop-up messages that provide specific guidance about the surviving

mutants. For instance, in Figure 5.3, hovering over line 76 reveals a hint stating “Uncovered

mutation(s): Test case assertions do not confirm logical condition(s) to produce intended

behavior in all cases. HINT: Test ‘equality’ condition for ‘false’ cases.” This augmented

feedback helps students understand exactly what scenarios their tests are missing and how

to strengthen them.
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Beyond the specific code-level feedback shown in the image, Web-CAT provides a com-

prehensive breakdown of mutation coverage statistics for the entire project. The platform

generates detailed reports showing the mutation coverage percentage for each Java class and

the project as a whole. These statistics indicate what percentage of introduced mutations

were successfully “killed” (covered) by the test suite. Higher percentages indicate more

robust test suites, while lower percentages suggest areas needing additional test cases.

In the CC semester, students typically deferred testing until after completing their code

implementation, viewing test coverage as a secondary requirement like code style rather than

an integral part of development. This behavior suggests that students did not recognize how

CC contributed to effective testing and program correctness, instead treating it as a separate

grading criterion to be addressed after ensuring their code worked. Limited guidance in CC

also led students to rely on AAT feedback and instruction. To address this, we introduced

PIT’s MT in the MTps semester. However, its stock feedback was difficult for students to

understand, especially without prior experience, causing confusion and struggles in applying

it.

To better understand the challenges our students experienced with PIT’s stock MT feed-

back, we conducted 15 interviews in the MTps semester. The interviewees represented a

diverse range of academic performance: five high-achieving students, six average-performing

students, and four students who were struggling with the course material. The qualitative

analysis of these interviews revealed key challenges and misconceptions in how students in-

terpreted the feedback. One insight revealed by the interviews is that students perceive

PIT’s feedback as verbose and overwhelming. 11 out of our 15 student participants ex-
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pressed frustration with the nature and verbosity of the feedback, which created barriers to

understanding and implementing the suggested improvements (Extract 25, Extract 26).

25 ( ): “Sometimes the feedback was redundant. At times, confus-

ing.”

26 ( ): “[PIT’s feedback is like] a black box which takes away points.

I don’t [know] why and that makes me feel like a poor computer scientist. Because

there is this thing that I should understand and I don’t.”

The volume and complexity of information presented made it challenging for students to

identify the most relevant aspects of the feedback to address (Extract 27, Extract 28).

27 ( ): “It was confusing where it wanted us to focus. Because we

already did what it was telling us to do.”

28 ( ): “In some cases, I was just lost. Because of some mutants. I

tried like removing conditions like, if head equals to null or suppose, if not head.

But the mutant was still there.”

Another significant challenge was difficulty in extracting actionable insights from the feed-

back. Some students (6 out of 15) often found themselves unable to translate the feedback

into concrete testing improvements (Extract 29, Extract 30). The gap between receiving

feedback and understanding how to act upon it effectively was a recurring theme in stu-

dents’ comments.

29 ( ): “I can’t quote it but it said something like make sure to

check the ‘true’ cases or ‘false’ cases. And that doesn’t mean too much to me.”



83

30 ( ): “MT wanted me to test either my insert or my remove if

size was changed. And I thought I was testing that. It said did the size changed.

I was very confused on how to catch that.”

Misconceptions about MT feedback also emerged as a significant barrier to improving test

suite coverage. The impact of these misconceptions was particularly pronounced during

students’ initial encounters with MT (Extract 31). The complex structure of the feedback

and the nature of the mutation operations contributed to these misconceptions (Extract 32).

31 ( ): “I figured it out on my own. But some other people might

have struggled. That might have been the big thing that led to some of confusion.

Especially, Project 1 with mutation feedback.”

32 ( ): “The way the feedback told us to test it didn’t make sense

to me at all. Because we were already testing it the way it was telling us to test

it. But it was basically repeating what we did.”

8 out of 15 students noted that the confusion and difficulty in understanding the feedback

were most prevalent at the beginning of their experience with MT (Extract 33). The nature of

the feedback also created challenges in understanding specific mutation operations (Extract

34, Extract 35, Extract 36). This suggests that proper introduction, guidance, and support

could potentially mitigate these challenges.

33 ( ): “[I struggled with MT] only at the beginning when I didn’t

know anything about MT.”

34 ( ): “It is just the wordage that was confusing. I had to get used

to that. I think if there were some sort of example of mutation feedback then

that would be helpful.”
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35 ( ): “I am like, give more description of what variable is replaced

rather than a broad overview.”

36 ( ): “Maybe it was getting messed up with the lines or we were

misinterpreting them. Even if it had the line of code, it was confusing on what

to do.”

The challenges and misconceptions also led to concerns about the influence of MT feedback

on testing practices. Some students (5 out of 15) expressed worries that focusing too heavily

on MT feedback might lead to misaligned testing practices, where they prioritize testing for

mutation coverage rather than testing their solution to the problem (Extract 37, Extract

38).

37 ( ): “Because I feel like I would be trying to test for MT instead

of just testing normally and that would be very confusing because that’s not how

we usually test. Because you should be testing for your solution to the problem.”

38 ( ): “I could not identify which test are purposeful and which

tests are testing the same things.”

Based on our analysis of student comments, we derive the following Insight 4:

This insight addresses RQ2 and underscores the need for clearer, more accessible feedback

in MT tools, especially in educational settings.
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Based on student feedback from the MTps semester, we enhanced our MT implementation

with targeted training modules containing clearer documentation and additional examples.

These improvements focused on making MT concepts more accessible and actionable for

students. We also heavily modified the PIT feedback provided on both Web-CAT and via

the MT plug-in. The design decisions behind the new modified feedback were informed

by research on effective feedback practices in education [8, 16, 28, 59, 65]. As [59] noted,

feedback needs to be easily understandable and help improve students’ learning process. The

modified plug-in addresses this by presenting information in a more digestible and actionable

format.

The mutation summary panel in the modified version shows the overall mutation coverage

for the entire project and a “Breakdown by Class” with individual mutation coverage per-

centages. The hierarchical organization by class and package makes it easier for students

to navigate through their project structure and systematically address testing gaps, and

identify classes that have lower mutation coverage percentages.

Mutation results are organized into two clear categories: “LINES_NOT_TESTED” and

“LINES_NEEDING_BETTER_TESTING”, as seen in Figure 5.4. The new terminology

directly communicates what actions users need to take – either writing new tests for untested

code or improving existing tests for better coverage. This aligns with [8]’s idea of providing

feedback incrementally as “one new idea at a time” to ensure a more graduated learn-

ing path. This classification system replaces PIT’s jargon of “SURVIVED,” “KILLED,”
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“TIMED_OUT,” and “NO_COVERAGE,” which could be confusing for users.

The mutation list panel provides precise, actionable feedback about each mutation. For

instance, instead of merely indicating a survived mutant, the feedback clearly states the

type of mutation applied, such as “Logical Expression - Replaced equality check with false”

or “Arithmetic Operation - Replaced integer operation with first member.” This explicit

description helps students understand exactly what changes were made to their code, which

hopefully guides them in writing appropriate test cases. By providing this level of detail,

the modified feedback presents deficiencies as faulty interpretations rather than as a total

lack of understanding, which [28] noted as being more powerful for learning.

Unlike PIT’s stock feedback, which can overwhelm students with details, our intervention

includes both a modified version of MT feedback and comprehensive documentation and

educational resources specifically designed for student learning. These resources explain MT
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concepts, provide examples of how to interpret the feedback, and offer guidance on writing

effective test cases. This educational support structure helps students better understand not

just what to do, but why they’re doing it, fostering a growth mindset and learning goals [16].

By removing jargon and providing clear, actionable feedback with supporting training re-

sources, the tool better helps students understand mutation testing results. The modified

feedback and additional documentation provide the necessary scaffolding to motivate stu-

dents’ interest, simplify the task, provide direction, and clearly define expectations [65],

ultimately leading to more effective learning and development of strong testing skills.

To assess the impact of our modified MT approach, we conducted semi-structured interviews

with 11 participants in the MTmf semester. Using the Grounded Theory approach, we

derived three main themes related to students’ testing outcomes, testing strategy evolution,

and debugging practices.

In the MTmf semester, students showed a notable difference in their perception and ap-

proach to testing compared to those interviewed in the CC semester. 10 out of 11 students

using modified MT feedback reported recognizing the importance of quality testing, under-

standing testable code development, and having a positive attitude toward testing, showing

improvement compared to students who used CC or stock MT feedback. Through their

reflections on the MT experience, students gained a deeper understanding of the value of

comprehensive testing beyond the CC metric that they had used in earlier courses on simpler
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programs (Extract 39, Extract 40).

39 ( ): “MT was different than CC. MT would get CC but CC

would not always get all the MT. It’s actually a better form of indicating code

maintenance.”

40 ( ): “Sometimes CC would just cover line. But for MT, covering

a line is more meaningful. When a test fails, it tells you something is wrong here.”

10 out of 11 students using MT with modified feedback developed an appreciation for incre-

mental development and testing practices, recognizing the benefits of early testing and unit

testing (Extract 41).

41 ( ): “I think if we waited and wrote the entire project and then

tested we’d have no clue where to start.”

The accessibility and immediacy of feedback provided by the MT plugin further contributed

to students’ growing comfort with testing practices (Extract 42, Extract 43). Moreover,

students (9 out of 11) reported that MT helped them discover previously unconsidered test

scenarios, leading to a more comprehensive approach to test case design (Extract 44).

42 ( ): “The plugin one was very helpful, it showed the overall

coverage, and also showed what classes had the lowest percentage coverage. You

could use it locally and run MT to see locally. So you don’t have to like submit

to Web-CAT every single time.”

43 ( ): “After we figured out (MT), it does got a lot easier. (Later,

on Project 3) We were experts.”
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44 ( ): “It helped me see all the different possibilities where my

code is actually failing at where I would never actually realize in the first place.”

The modified MT feedback also contributed positively towards students’ testing attitudes.

They acknowledged that while MT required more effort, it helped them write more in-depth

test cases and potentially reduce issues and bugs (Extract 45).

45 ( ): “When you’re first starting the program you kind of hate

testing... But MT helps you think of more tests and like how rigorous your code

actually has to be tested. So I could test like that (rigorously) by myself.”

Based on our analysis, we derive the following Insight 5:

Our qualitative analysis revealed significant improvements in students’ testing outcomes

when working with modified MT feedback. 10 out of 11 students demonstrated a systematic

approach to improving test suite coverage by strategically prioritizing classes with lower

coverage scores before addressing more complex cases (Extract 46).

46 ( ): “I’d look at like the least number one, or like the least

percentage that’s covered. I’d go in that class, and I’d kill all the mutants in

that class first, and I’d move on to the other ones, because I know the ones with

the higher coverage would be harder to test overall.”
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They exhibited a better understanding of the purpose and value of their tests, transitioning

from superficial coverage to meaningful test cases (Extract 47).

47 ( ): “And so some test cases would be kind of pointless in

a sense, just to achieve line coverage but now tests are more so purposeful as

they’re designed to test and fail in certain cases.”

Students (8 out of 11) also showed enhanced ability to address testing requirements through

improved testing strategies (Extract 48).

48 ( ): “...That was test that were tested (by MT) and killed

specifically and say, Okay. Line 300 had a lot of mutants and those them were

killed. We’re clearly not testing this part of the function well enough.”

As they gained experience with MT, students (9 out of 11) grew more confident and demon-

strated sophisticated decision-making in their testing approach (Extract 43, Extract 49).

49 ( ): “We already had, like, previously written linked lists from

like CS2 course. But they would be missing like mutation coverage... If it wasn’t

needed in the project, and mutation was giving me issues. I just fix it or delete

it (redundant code).”

Despite the increased effort required, students (8 out of 11) recognized that MT led to better

outcomes, helping them discover edge cases and write more in-depth test cases (Extract 50,

Extract 44).

50 ( ): “From a students’ perspective, it was more annoying be-

cause it was more work. Potentially have less issues and bugs. It does help us

like write more in depth test cases which is the goal for our projects.”
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Based on our analysis, we derive the following Insight 6:

Our qualitative analysis revealed a significant evolution in students’ testing strategies through-

out their experience with MT. As students gained experience with MT, they increasingly

adopted unit testing practices, moving from superficial testing to more meaningful and me-

thodical approaches (Extract 51, Extract 47).

51 ( ): “I use the third option (unit testing) where I rewrite each

method and then test it. So if a problem comes up in the method, it doesn’t

cascade into like mixing that method within another method.”

They showed a clear adoption of incremental testing, emphasizing the importance of early

testing and improved efficiency as reported by all 11 students (Extract 41, Extract 52).

52 ( ): “I would say, the MT strategy definitely allowed us to get

higher problem coverage with fewer submissions. If you look at [Web-CAT] okay,

you can definitely see the submissions went down with each project considerably.

I’ll say our first project was like over 112, and our final project was 47.”

Students also demonstrated a more systematic integration of testing throughout the devel-

opment process, recognizing the value of testing even when not explicitly required (Extract

53, Extract 54).
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53 ( ): “I would say, the best method is writing the test first to

make sure your output looks how it should be.”

54 ( ): “In Project 3, writing tests was not required. But testing

was definitely helpful. Which helped us figure out that the algorithm was little

bit flawed.”

MT influenced not only testing practices but also code design decisions, as students (5 out

of 11) learned to optimize their code for better maintainability (Extract 55).

55 ( ): “Towards the end (after Project 2 or Project 3), I figured

how to write code to reduce the number of mutants. I would optimize it to be

better maintained. It was such a light bulb got on like, Oh, you could’ve reduce

the number of branches and saved a lot of error.”

The progression in testing strategy was evident in 4 out of 11 students’ recognition of best

practices, such as test-driven development, even when faced with constraints (Extract 56).

56 ( ): “We didn’t use TDD (test-driven development) because

not all requirements were not known by us. We did not know all the functions

and parameter. But TDD would be the best.”

10 out of 11 students expressed strategic thinking in their testing approach, systematically

handling mutation feedback to identify and address weaknesses in their test cases (Extract

57).

57 ( ): “In the Mutation List, each class and the number of

branches, I would look at the mutants... We’re clearly not testing this part
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of the function well enough, and I’ll go to the function. I’ll read it. And think

of how think of edge cases and how we can better test that function.”

Based on our analysis, we derive the following Insight 7:

Our qualitative analysis revealed distinct differences in debugging practices between students

using MT and those relying solely on CC. 91% of MT users developed more systematic

debugging approaches compared to the ad-hoc methods employed by 83% CC users (Extract

58).

58 ( ): “Debugger is usually used when I have no idea’ – when I

don’t know what’s going wrong, but I know ‘something’ is wrong.”

Test-driven bug verification practices were more thorough among 9 out of 11 MT users, while

CC users (all 12 out of 12) relied on AAT without proper verification (Extract 59).

59 ( ): “Test the fix? We had a time crunch so we just submitted

to [Web-CAT] and once we saw it was working we didn’t bother with regression

testing the bug.”

MT users (10 out of 11) demonstrated more systematic approach to bug replication, lever-

aging MT feedback to identify edge cases (Extract 60). They also exhibited more mindful

and thorough testing compared to CC users (Extract 61).
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60 ( ): “I would say, edge cases mostly come from specs and for

MT, it would kind of tell us, okay, this branch is not killed, when this is ‘true’.”

61 ( ): “CC was easier to cover but MT was harder. For MT your

tests need to be more thorough.”

Post-fix validation methods were more comprehensive among MT users (6 out of 11), while

CC users often relied on minimal validation (Extract 4, Extract 44). The evolution of

debugging practices was particularly evident in MT users, who reported a change from

merely fixing bugs to preventing them through better code design and showed increased

appreciation for thorough testing (Extract 55).

Based on our analysis, we derive the following Insight 8:

Insights (5-8) address our RQ3. Students using modified MT feedback demonstrated in-

creased appreciation for quality testing and testable code development (Insight 5), believed

leads to better test suite coverage (Insight 6), showed improved adoption of unit testing prac-

tices (Insight 7), and exhibited more mindful testing practices (Insight 8). These outcomes

suggest that modified MT feedback, combined with appropriate instructional resources, sig-

nificantly enhances students’ testing practices and learning outcomes compared to stock MT

feedback.
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To validate the insight that

, we conducted a quantitative analysis

of students’ test writing behavior using two metrics developed by [38]. The first metric,

“incTestWriting,” measures the difference in average time spent editing the solution versus

the test code, gauging the degree of incremental testing. Smaller values indicate closer align-

ment between test and solution edits, while larger values suggest that test editing occurs

later, after most of the solution code is written. This metric is calculated using the second

metric, “earlyOften,” which produces a weighted average based on the frequency of student

activity and its proximity to the project deadline. Together, these metrics help assess the

consistency of test writing throughout the project lifecycle.

Our analysis revealed significant differences in testing practices between the CC and MT

semesters. Students in both the MTps and MTmf semesters demonstrated significantly lower

(meaning, better) incremental test metric values compared to those in the CC semester (p-

value < 0:05) across all four projects. As illustrated in Figure 5.5, the box plots show that CC

semester students typically exhibited metric values between 3.0 and 5.0, while students in MT

semesters consistently maintained values between 1.0 and 2.0. This indicates substantially

more incremental test writing behavior among MT students.

The quantitative evidence strongly supports our qualitative observation that MT use pro-

motes better integration of unit testing practices during project development. MT students

to develop and maintain their test suites alongside their solution code, instead of postpon-

ing testing until after completing the implementation. The consistent pattern across all

four projects further suggests that this improved testing behavior persists throughout the

semester rather than being either a temporary or a slowly learned effect. The adoption of
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incremental testing practices not only validates our qualitative findings but also highlights

the positive impact of MT on students’ overall testing approach.

Next we cross-check our insight that

. We analyzed mutation coverage scores

using MuJava, an independent mutation testing tool distinct from PIT, to minimize tool-

specific bias.

Students in MT semesters achieved significantly higher mutation coverage compared to those

in the CC semester. As shown in Figure 5.6, the median mutation coverage in the CC

semester was approximately 48%, while both MTps and MTmf semesters demonstrated no-

tably higher coverage at 65% and 73% respectively. The MTmf semester, where students

used our modified MT feedback, showed the highest overall coverage scores. Due to vio-

lations of normality (p-value < 0:05) and homogeneity of variance assumptions (Levene’s

test, p-value < 0:05), we used non-parametric statistical analysis. The Kruskal-Wallis test,

followed by Dunn’s post-hoc analysis with Bonferroni correction, confirmed statistically sig-

nificant differences between all semester pairs (p-value < 0:001). This statistical evidence

strongly supports our qualitative finding that MT feedback enhances test suite coverage,

with modified feedback showing even greater improvements over stock MT feedback. This

quantitative evidence, combined with our interview findings where 70% of students reported

successfully improving their test coverage using MT feedback, demonstrates that modified

MT feedback effectively guides students toward developing more robust test suites.

Having established the positive impact of MT feedback on test suite quality, we next ex-

amined whether this improved testing practice translated into better overall code quality

and project outcomes. This analysis focused on two key aspects: the testability of stu-

dents’ code and their project correctness scores. To evaluate code testability, we analyzed
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students’ source code using PMD, focusing particularly on cyclomatic complexity metrics.

The analysis revealed significantly lower complexity values in MT semesters (mean values:

MTps = 152, MTmf = 119) compared to the CC semester (mean = 220), with statistical

significance confirmed through Kruskal-Wallis and Dunn’s post-hoc tests (p-value < 0:05).

As illustrated in Figure 5.7, the complexity distribution curves show consistently lower val-

ues across student submissions in both MT semesters, with MTmf demonstrating the most

favorable complexity profile. This improvement in code testability was accompanied by en-

hanced project outcomes. Analysis of project correctness scores showed that students using

modified MT feedback achieved significantly higher scores (p-value < 0:05) compared to

both CC and MTps semesters. While students using stock MT feedback initially struggled

in Project 1, they eventually achieved comparable scores by the semester’s end, as seen in

Figure 5.8 and Figure 5.9. This pattern suggests that our modified feedback helped students

overcome initial barriers in interpreting mutation testing results, enabling them to realize

their full potential earlier in the learning process. These findings quantitatively support our

insight that

, as reflected in both

their code complexity metrics and project outcomes.

Finally, we examined how MT influenced students’ testing behavior and their reliance on

Web-CAT AAT. Our qualitative observations suggested more mindful testing practices with

MT and reduced dependence on Web-CAT feedback, warranting quantitative verification of

these patterns.

Analysis of local testing behavior revealed that students using MT conducted significantly

more local test coverage checks compared to those using CC (p-value < 0:001). The mean

number of local test launches increased from 181 per student in the CC semester to 382

and 303 in MTps and MTmf semesters respectively, indicating more frequent local testing
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