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ADDRESSING INCONSISTENCIES ACROSS SOFTWARE ENVIRONMENTS

Sunzhou Huang, Ph.D.
The University of Texas at San Antonio, 2025

Supervising Professor: Xiaoyin Wang, Ph.D.

Software environments are vital to modern software development, offering tools and frame-
works that enhance productivity, reduce costs, and improve software quality. Consistency across
different environments is crucial for reliable and efficient builds, tests, and executions. Variations
in hardware, operating systems, software dependencies, and configurations can lead to significant
challenges and inefficiencies. Although approaches like containerization, virtualization, continu-
ous integration/continuous deployment (CI/CD), and infrastructure as code (IaC) strive to make
environments more reproducible and consistent, issues related to environments are still common,
particularly for those with additional restrictions or limited domain knowledge.

This dissertation addresses two significant research problems related to inconsistencies across
software environments. Firstly, we introduce PExReport, a novel framework designed to extract
cross-project failures (CPFs) along with their execution environment. PExReport automates the
generation of stand-alone executable CPF reports by leveraging build systems to prune source
code and dependencies, creating a pruned environment that accurately reproduces CPFs. Demon-
strated within the Maven build system as PExReport-Maven, our framework achieved a high re-
production rate of 92.93%, successfully reproducing 184 out of 198 CPFs with exact failure types
and messages. Additionally, PExReport-Maven significantly reduced the required source classes
and dependencies, enhancing the efficiency of CPF reproduction. Secondly, we explore the chal-
lenges faced by non-contributors, specifically Computer Science students, in handling build is-
sues in open-source software (OSS). Our pilot study collected data from command history logs,
environment variables, network information, and virtual machine snapshots, revealing that non-
contributors often struggle with certain build issues. Furthermore, a dual-phase study involving

330 build tasks among 55 students characterized non-contributors’ build issues and resolution at-



tempts. An intervention in Phase II successfully improved the build success rate by proactively
addressing difficult “trap” issues.

Overall, this dissertation introduces the PExReport, which addresses environmental inconsis-
tencies in CPF reproduction. Additionally, it presents comprehensive studies aimed at resolving
build environment inconsistencies from the perspective of non-contributors. This dissertation of-
fers tools and methodologies to mitigate these inconsistencies across various software environ-

ments and identifies potential directions for future research.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Software environments are essential to modern software development, offering the necessary tools
and frameworks to boost productivity, reduce costs, and improve software quality. These envi-
ronments range from comprehensive engineering platforms to specialized programming settings,
each tailored to specific development needs and challenges. For instance, effective development
environments are crucial in agile and distributed settings, where prompt feedback and efficient col-
laboration are necessary to maintain productivity and software quality [23]]. Additionally, modern
Integrated Development Environments like Microsoft Visual Studio and Eclipse have significantly
advanced from legacy environments, enhancing programmer productivity despite the complexity
they introduce [95]]. Furthermore, the evolution of Integrated Development Environment into Intel-
ligent Development Environments is transforming the role of human programmers, allowing them
to manage Al agents and automated tools to implement software features more efficiently [S7].

Ensuring consistency across various environments is crucial for maintaining reliable and effi-
cient builds, tests, and executions. Differences in hardware, operating systems, software depen-
dencies, and configurations can introduce significant challenges and inefficiencies. These incon-
sistencies often result in complex, error-prone activities that are not only time-consuming but also
difficult to troubleshoot and resolve. The Vitruvius approach highlights the issues of fragmenta-
tion and redundancy in system descriptions when multiple modeling languages are used, which can
lead to inconsistencies that negatively impact system quality and are costly to fix [48]]. Similarly,
the concept of megamodel consistency in software build systems addresses the need for sound and
optimal building processes that maintain consistency across various models and transformations,
minimizing unnecessary recomputation [[79].

Managing consistency across software environments is a well-recognized challenge. To ad-
dress this, developers employ several approaches: Containerization with tools like Docker to cre-

ate containers that encapsulate the application and its dependencies, ensuring it runs consistently



across different environments [18]]; Virtualization, where virtual machines replicate the produc-
tion environment on different hardware, providing a consistent platform for development and test-
ing [[72]]; Configuration Management using tools like Ansible, Puppet, and Chef to automate the
setup and maintenance of environments, ensuring configurations remain consistent [41]]; Continu-
ous Integration/Continuous Deployment (CI/CD) pipelines to automatically test and deploy code
changes in a consistent manner, reducing the risk of environment-related issues [[76[]; Version Con-
trol to track changes in code, dependencies, and configurations through systems like Git, maintain-
ing consistency and allowing easy rollback if issues arise [20]; and Environment as Code, where
defining environments using code (e.g., Terraform for infrastructure as code) ensures environments
can be recreated reliably and consistently [21]]. By implementing these approaches, developers can
minimize the risks associated with environmental inconsistencies, leading to more reliable and
efficient development processes.

While existing approaches aim to make environments more reproducible and consistent, there
is no silver bullet. Environment-related issues are still frequently encountered, especially by those
who face additional restrictions or lack domain knowledge. Constraints such as limited resources,
time pressures, or organizational policies can complicate the process, making it challenging to
achieve the desired level of consistency. Additionally, developers who are new to certain tools or
technologies may struggle to implement these approaches effectively, leading to inconsistencies

and unexpected behavior.

1.2 Problem Statement

This dissertation addresses two key research problems related to inconsistencies across software

environments:

1.2.1 Extracting Failures Along with Their Execution Environment

Modern software development heavily relies on libraries created by various developer teams,

whether within the same organization or across different ones. When software is executed, its



execution trace can traverse multiple software products, leading to cross-project failures (CPFs).
The distributed nature of modern software development and the constraints in sharing software en-
vironments make reporting CPFs particularly challenging. A previous study [19] indicates that the
most effective way to communicate these issues is through a stand-alone executable failure report.
However, generating such a report is often difficult due to the intricate interactions between files

and dependencies within software ecosystems.

1.2.2 Addressing Inconsistencies in the Build Environment from the Perspective of Non-

Contributors

Open-source software (OSS) often needs to be built by individuals who are not contributors. For
example, Computer Science (CS) students frequently attempt to use or extend OSS projects, only
to face the common challenge of build failures on their local machines. Although OSS typically
offers ready-to-build packages, subtle differences in local environment setups can lead to build
issues, requiring students to spend significant time and effort debugging. Despite the widespread
occurrence of these build issues among non-contributors, there is a notable lack of studies address-

ing this topic.

1.3 Contributions

This dissertation makes the following contributions to addressing inconsistencies across software

environments.

1.3.1 To address the challenge of extracting failures along with their execution environment

* We present a novel framework, PExReport, designed to extract both code and build depen-

dencies and create pruned executable CPF reports.

* We developed three technical enhancements for PExReport to handle build configurations,

resource files, and generated source code during automatic creation.



* We demonstrate PExReport within the Maven build system as PExReport-Maven. An eval-
uation on 198 representative CPFs from 74 software project issues shows that PExReport-
Maven successfully reproduced 184 out of 198 CPFs with exact failure types and messages,

achieving a high reproduction rate of 92.93%.

* PExReport-Maven achieved an average reduction rate of 55.37% on required source classes.
It also outperformed in handling internal classes, source + internal classes, build configura-
tions, and resources, with reduction rates of 75.94%, 72.97%, 82.96%, and 74.18%, respec-

tively.

1.3.2 To address inconsistencies in the build environment from the perspective of non-

contributors

* We explored how non-contributors handle build issues in OSS by collecting data from com-
mand history logs, environment variables, network information, and snapshots of virtual

machine states.

* We investigated 303 build issues experienced by 31 non-contributors (CS students) and found

that the build issues they struggle with often display only limited symptoms.

* We observed additional symptoms not covered by previous studies: command misuse and

remnant conflicts.

* We conducted a novel dual-phase study involving 330 build tasks among 55 CS students,
revealing that intuitive resolution strategies often led to “trap” issues, which are especially

difficult to resolve.

* Based on our findings, we introduced an intervention method that emphasized key infor-
mation (e.g., recommended programming language versions) to CS students, which signifi-

cantly improved the success rate of build outcomes.



1.4

Organization

This dissertation is organized as follows:

1.5

Chapter[2|presents PExReport: Automatic Creation of Pruned Executable Cross-Project Fail-
ure Reports, a novel framework designed to extract failures along with their execution envi-

ronment.

Chapter [3] demonstrates PExReport within the Maven build system as PExReport-Maven,
which can create concise cross-project failure reproduction packages by trimming down

source code, dependencies, and the Maven build environment.

Chapter ] presents a pilot study exploring how non-contributors handle build issues in open-

source software.

Chapter [5introduces a dual-phase exploratory study investigating the build issues faced and
resolved by computer science students (non-contributors). It also introduces an intervention

to help students build open-source software.

Chapter [6] concludes this dissertation and outlines future research directions.
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CHAPTER 2: PEXREPORT: AUTOMATIC CREATION OF PRUNED

EXECUTABLE CROSS-PROJECT FAILURE REPORTS

2.1 Introduction

With the assistance of third-party infrastructures and functional components, software ecosystems
have expanded tremendously over the past several decades. The prevalent usage of third-party
software libraries has significantly reduced the cost of software development and improved the
quality of software. As the size and complexity of software products increase, developers introduce
more and more software dependencies via software libraries. However, the intricate dependencies
among different software projects raise new maintenance challenges. When a developer executes
the software, the execution trace often goes across the boundaries of multiple software products.
So, for some execution failures, it may not be easy to determine which software project should
take responsibility for and fix its code. In this chapter, we refer to such failures as cross-project
failures (CPFs). For example, when a developer upgrades a software library and encounters a
software failure, it may be caused by either a backward incompatibility bug in the software library
or a non-robust usage of the library API.

Resolving CPFs usually requires the cooperation and negotiation of more than one project
as opposed to intra-project failures (IPFs), so the failure needs to be reported from its observing
software project to other projects. However, creating a good failure report is not trivial. A previous
study on desirable bug reports [[19] shows that a stand-alone executable test case is the most
desirable information to be included in reports. A textual failure report from client developers may
not be very helpful for the library developers to investigate or reproduce the failure. Since CPFs are
typically triggered at the interface between the client code and the third-party software libraries,
a thorough explanation of such issues in a failure report at least needs to involve some client-side
software artifacts. However, in some situations, even if the client developers provide some code,

the failure can also be hard to reproduce. For example, in the comment section of an Apache



Issue (Issue 2497 in Apache TIKA project) [14]], an Apache TIKA developer complained that “I’m
not able to reproduce it w/in Solr in the unit tests with your file.”. If the failure report contains
a test case that can be compiled and executed in a stand-alone way, it would greatly simplify the
diagnosis process.

An ideal failure report should satisfy three essential requirements: Executability, Readability,
and Conciseness. Our pilot research reveals the existence of a trilemma when client developers
try to create CPF reports using existing techniques. In particular, static and dynamic slicing tech-
niques [[13,90]], can both prune source code based on a given seed code, but they do not take into
account the build process or the execution dependencies, so the generated slices may not be com-
piled or executed as a stand-alone project. Software debloating [22] is a practical technique for
pruning software releases, but it focuses on destination code and execution-time dependencies in-
stead of source code and compilation-time dependencies, so applying it to source code will cause
the pruned code to be uncompilable. Finally, packaging the entire client software and sending it
together as the CPF report is typically not a realistic solution, considering the numerous redundant
dependencies that may (1) significantly increase the size of the report; (2) bring in lots of noise
to the debugging process; (3) unintentionally leak internal information and proprietary code from
other parties.

In this chapter, to achieve all three requirements, we developed the PExReport, a framework for
generating executable pruned CPF reports. Given a CPF, PExReport performs a three-step analysis
to trace the source code and object code (e.g., Java bytecode), which were loaded at compilation
and run time. In the build process, it gradually identifies all the required source code and depen-
dencies for compiling the tests and reproduces the CPFs. Besides source code and dependencies,
PExReport further identifies the required portion of build configuration, resource files, and gener-
ated source code. Finally, PExReport extracts all identified required files from the original build
environment and reconstructs a stand-alone project that can compile and reproduce the CPF.

We implemented PExReport for Maven [1]] and Java combination, and performed an evaluation

on 198 CPFs in 74 issues. Our results show that PExReport can reproduce 184 out of the 198 CPFs



and achieve a pruning rate of 72.97% on source classes and the classes from internal JAR files.

To sum up, this chapter makes the following contributions.

* A novel framework, PExReport, to extract both code and build dependencies and create

pruned executable CPF reports.

* Three technical enhancements of PExReport to handle build configuration, resource files,

and generated source code when performing automatic creation.

* An evaluation of PExReport on 198 cross-project failures from 74 software project issues,
showing the effectiveness of PExReport on CPF reproduction and project pruning, as well

as impacts of each enhancement.

2.2 Motivation

In this section, we conducted a pilot study in Java software ecosystems to provide real-world
insights into good CPF reports and to illustrate the trilemma faced by current techniques, which

motivates the design of our techniques.

2.2.1 Characteristics of Ideal CPF Reports

We conducted our pilot study using the JIRA issue tracker from Apache [31]. Upgrade incom-
patibility failures are strongly related to CPFs; therefore, we used three keywords (upgrade, in-
compatible, and Java) to retrieve 147 CPF reports from 32 Apache projects and tried to reproduce
them.

Two researchers with more than five years of experience in software development were in-
volved in this study. The first researcher recorded the CPF report and tried to reproduce the same
failure in our build environment with the information from the report. If failure was not repro-
ducible, the first researcher wrote down the reason, and the second researcher validated the reason.
In cases where there was a conflict between the two researchers, a discussion was raised until all

issues reached an agreement. Eventually, two researchers were only able to reproduce two of the



147 real-world CPF reports. We summarized the following reasons why these 145 CPF reports are
difficult to reproduce; if a CPF report has more than one failed reason, we select the most direct

one; the attached number is the frequency of reasons:

* Never Reproduced (18). The client reporter provided an inaccurate test case, so the library

developer never reproduced it either.

* Environment Specific (43). The failure is environment specific, so researchers cannot re-

produce it without knowing the environment settings.

* Misuse (16). The client reporter misused the library, and the developer explained the reason.

* No Test Code (41). The CPF report is pure textual, and researchers failed to create a test to

reproduce the same behavior.

* Fixed without Record (27). The failure was fixed without the specified fix commit, so

researchers could not find the code version to reproduce it.

We believe these CPF reports do not deliver enough information for reproduction, especially
for new developers who are not familiar with the software project’s historical status. A previous
study on desirable bug reports [19] also suggests a mismatch between what developers consider
most helpful and what users provide. Based on these findings, we summarize the following char-

acteristics of ideal CPF reports:

* Executability. A ideal CPF report should be easily reproduced by developers. An exe-
cutable test case is the most desirable information to be included in reports. Considering the
difference in build environments of client and library software projects, required code de-
pendencies, configuration settings, and resource files should also be integrated into the test

case.

* Readability. Keeping source code accessible is essential for developers to understand the

issue. With a helpful code snippet, developers could accurately identify potential misuse

10



to address CPFs for reporters. Due to the difficulty in locating the CPFs, a good report
should retain all the related source code. Destination code is not equivalent to the source
code for compiled languages. For example, Java bytecode is more readable than most other
destination code, but its decompiled source code with the highest ranking decompiler retains

only 78% of its semantics, according to a recent study [34].

* Conciseness. Considering a failure is typically triggered by a single execution, low redun-
dancy is preferred in reporting scenarios, which could bring many benefits. A smaller report
will reduce the time for network transmission and the space needed for storage (especially
when there are many reports). Removing unnecessary code can significantly reduce the
noise and accelerate the diagnosis progress. Furthermore, pruning redundant dependencies
may also help avoid unintentionally sharing sensitive information or proprietary software

artifacts.
2.2.2 Cross-Project Failure Report Trilemma

To further understand the obstacles in creating CPF reports, we explored existing automatic build
tools and code pruning techniques. Figure[2.1|shows the CPF report trilemma in creating ideal CPF
reports with current techniques, which may partially explain why most reporters cannot create CPF
reports effectively.

Modern automatic build tools. Maven [1] and Gradle [5] are popular tools for building and
testing software in Java software ecosystems. Although both tools are designed to be platform-
independent, we noticed that they lack features to extract a stand-alone test case. Using these tools
can only provide an entire code base with public dependencies. Since these tools cannot identify
unrelated dependencies, reporters only could attach the entire private dependencies to the test case.
In brief, modern automatic tools only achieve executability and readability but do little to reduce
redundant dependencies.

Program slicing. Program slicing [90] is a dataflow-based technique for pruning source code

based on a specified seed, which is known to have limits owing to not working well with dynamic
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Executability

Readability ————— Conciseness
Program Slicing

Figure 2.1: Cross-project failure report trilemma

features. In addition, program slicing does not consider the execution environment or the build
process. Therefore, the created slices of failures cannot be compiled or executed by themselves,
which means it lacks executability.

Software debloating. In real-world ecosystems, debloating the size of applications is vital in
embedded systems and application distribution. There are many practical tools and research stud-
ies [22] in this area. For example, ProGuard [11] is integrated into the Android build system, which
only runs when building the application in release mode. It detects and removes unused classes,
fields, methods, and attributes. In Java applications, released software does not contain source
code. Because the output of compiled code is not equivalent to the source code, the developers
will receive the CPF report with low readability. In short, the software debloat technique focuses
on the software release stage, which does not consider the readability in the test stage.

None of the current techniques can perfectly solve this trilemma, which motivates the design of
our approach to create a practical framework—PExReport, to focus on providing CPF reports with

Executability, Readability, and Conciseness.
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2.3 PExReport

In this section, we present PExReport, a framework designed to create pruned executable cross-
project failure reports automatically. Figure [2.2] shows an overview of PExReport’s workflow.
PExReport is designed based on prevalent tasks of modern build tools involved in the lifecycle
of CPFs. The input to PExReport is a failed test from an existing build environment, and the
output is a pruned stand-alone executable CPF project. PExReport contains two major phases:
(1) the collection phase to collect information about necessary source code, dependencies, and
build environment by monitoring the underlying platforms: OS, the build tool (e.g., Maven), the
compiler (e.g., Javac), and runtime (e.g., JVM), in the essential tasks of the modern build process;
(2) the reconstruction phase to reconstruct a stand-alone build environment for the failed test based
on the collected information. We name the collected information of a failed test from the first phase
as failure traces. The arrows show the information flow between each component of PExReport.
The reconstructed project for failure reporting will be automatically validated by checking whether
the same error messages are triggered as in the original failure. Once the project is validated, it
can serve as a reproduction package of the original failed test and will be reported as a pruned
executable CPF report to the developers.

The fundamental insight of PExReport is that it first identified and addressed the problem of
pruning the build and execution environment of a test failure on top of code dependencies. This
is crucial for cross-project-failure reproduction because the environment is essential for a high
reproduction rate and cannot be easily shared. To overcome this problem, we develop Hybrid
Backward Failure Tracing (Section [2.3.3) which extracts and prunes the failure by monitoring
the underlying platforms in essential build tasks (i.e., Compile, TestCompile, and Test) of
the modern build process. It takes advantage of the fact that the underlying platforms already
resolve all necessary dependencies in an on-demand build process and their resolutions are the
most trustworthy for reproduction. Following the same insight, we further developed three novel

enhancements (Section [2.3.4)) to support more heterogeneous build environment.
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2.3.1 Principles of Design

PExReport should be easy to use and compatible with real-world projects and build ecosystems.
We introduce the following principles to help reach the goals.

Source code preservation. When clients misuse the library, a snippet of source code can
be extremely helpful. Developers could also easily trace the source code to identify the fault
location. Considering that even the highest ranking decompiler does not always create semantically
equivalent source code [34]], source code preservation becomes more critical in CPF reports.

Build environment adaptation. A real-world project contains not only source code and de-
pendencies; the build environment is also crucial. Modern build tools, such as Maven and Gradle,
have been widely used by library developers. Given that PExReport requires CPF reports to be
executable, it should be highly adaptable to modern build ecosystems.

Incremental creation of build environment. As the size and complexity of projects increase,
modern build tools become complex and highly customizable. Identifying the redundant build
environment could be inexhaustible and hard to scale. Therefore, PExReport opts for an incre-
mental approach that creates the build environment by identifying necessary build dependencies,

as opposed to a pruning method.

2.3.2 Prevalent Tasks for the Lifecycle of CPFs

The following tasks of modern build tools form the typical lifecycle of CPFs. These tasks are
generally executed in the order below, but some tasks may be omitted if not required for the current

project.

* Generate sources (optional). Generate additional source code for inclusion in compilation.

* Process resources (optional). Copy and process the resource files into the destination di-

rectory.

* Compile (mandatory). Compile the application source code of the project.

15



* TestCompile (mandatory). Compile the test source code, which is not coupled with the

application source code.

* Test (mandatory). Run tests using a suitable testing framework; execute object code (e.g.,

bytecode) compiled from application and test source code.

Build Process

\ 4

Compile  TestCompile Test

e: ” ........ o Q
v

/ Failure
4 Java Item

16
’
' S,
Irrelevant
@ Java Item

Static Compile  Dynamic Load Class Load

Figure 2.3: Exemplar three tasks build process of Java project

The three mandatory tasks, namely Compile, TestCompile and Test, are the basic steps
used by build tools to reproduce a test failure. The main reason to use both Compile and
TestCompile to compile source code is to make the application source code independent of
the test source code. Code generation and resource management are quite popularly used in com-
plex real-world applications. Although they are optional tasks, we should not underestimate them

in reproducing real-world CPFs.

2.3.3 Base Approach: Hybrid Backward Failure Tracing

In the collection phase, our base component is hybrid backward failure tracing, a three-step analy-

sis that traces failure-related source code and library dependencies. This component compiles and
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executes the failed test in its original build environment, and tracks items at Test, TestCompile
and Compi 1e tasks, which are essential for any failure source code to be compiled and executed.

Figure [2.3] shows the dependency tree in a build process for a failed test of Java project with
three basic tasks. We refer to source code and object code (bytecode) as ifems, which are used to
compile and execute the failed test, respectively. All the circles are the items of the Java project, a
black circle means a failure item, and a white circle means an irrelevant item. The dotted line arrow
is for class loading, so the two Item I in the two tasks are equivalent but in a different form (source
code in TestCompile task, bytecode in Test task). The solid line arrows show the static
dependencies, and the dashed line arrows show the dynamic dependencies. Following the build
process order, the compiled application source code in Compi 1e task is provided to the subsequent
TestCompile task as dependencies, after that, the compiled test source code of TestCompile
is loaded to Te st task for execution. For example, the Compi 1 e task compiles Item 3 (application
source code), which is provided to Test Compile task as a reference later; the Item 1 (bytecode)
of TestCompile task is loaded to Test task. The build process must be irreversible to ensure
that the previous item will not depend on the later item. Given that the build process cannot predict
the required items for the subsequent task, PExReport must perform the build process in three
rounds to track all failure items. For example, in Figure the reference 1 — 2 can only be
discovered in Test task, reference 1 — 3 can only be discovered in TestCompi le task, and the
reference 3 — 5 can only be discovered in Compile task. If a CPF occurs, as failures happen
at the end of the build process (Test task), a backward tracing will be performed to obtain the

failure traces. The details of Hybrid Backward Failure Tracing are described in Algorithm I}
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Algorithm 1 Hybrid backward failure tracing Algorithm

Input: Failed test ¢, all test source code C}, all application source code C, all library object
code O,

Output: T'races

Initialize trace of Cy: Set T < ()
Initialize trace of C: Set .S + ()
Initialize trace of O;: Set L < ()
Round 1:
Compile: Object code O, <— Compile C by referencing Oy;
TestCompile: Object code O; <— Compile C; by referencing O, and Oy;
Test(t): Record Ry < Execute ¢ by dynamic loading Oy, O, and Oy;
T,S, L < DynamicTracer(R;);
Round 2:
Compile: reuse Og;
TestCompile(T): Record Ry < On-demand compile test source code in T by referencing
O, and Oy;
T,S, L < StaticAnalyzer(Rs);
: Round 3:
Compile(S): Record R3 <— On-demand compile application source code in S by referenc-
ing Oy;
S, L < StaticAnalyzer(R3);
: return Traces{T, S, L}

A A o ey

H_.
—_ O

—_ = =
e

—_ =
AN W

In Round 1, PExReport runs the whole build process to the last task—Te st with entire code
base and library dependencies for both Compile and TestCompile tasks, and executes only the
target failed tests in the Test task. PExReport uses the log of build tool to record all dynamically
loaded items in the Te st task. These items are required for the execution of the failed test in run-
time, so we refer to them as R;. For example, in a Java project, R, are the bytecode (object code)
loaded into JVM, also referred to as Java class. The DynamicTracer analyzes R;, and collects
the corresponding traces (usage of items).

In Round 2, PExReport runs the build process up to the TestCompile task, reusing the
object code compiled from all application source code in Compi le task. For the TestCompile
task, PExReport on-demand compiles test source code collected from Round 1 to avoid compiling
irrelevant items. In TestComp1i 1le task, PExReport records all referred items as R». These items
are required for the compilation of test source code, so StaticAnalyzer collects and combines the

corresponding traces.
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In Round 3, PExReport runs a single Compile task of the build process, trying to compile
only the application source code collected from Round I and Round 2. In the Compile task,
PExReport records all referred items as 3. These items are required for the compilation of failure
related application source code, so StaticAnalyzer collects the corresponding traces and com-
bines them with previous traces.

Traces. PExReport returns the collected failure traces of test source code, application source
code and library object code in Algorithm [I] and sends the traces to the failure report creation
component to be included in the executable CPF reports.

PExReport uses the build tools to resolve dependencies to increase robustness and non-invasiveness.
Modern build tools can fetch information directly from compilers or virtual machines, meaning the
resolved dependencies are the most trustworthy. The inferred dependencies from the analysis tools
may be incomplete due to the quality of the tools, and some invasive tools can change the behavior
of the analyzed projects. However, the build tools only provide the resolved dependencies without
the dependency tree, which means that PExReport cannot use all the items in each task that may
contain irrelevant items during the build process. As shown in Algorithm[I] to solve this problem,
PExReport uses on-demand compilatio to compile only the failure related source code and then
use the references of compilation as failure traces.

The dynamic loading and static reference are handled by the run-time environment and the
compiler, respectively. PExReport uses the dynamic tracer to monitor dynamic item loading in the
Test task and the static analyzer to monitor the reference in the Compile and TestCompile
tasks due to the fact that the information provided by the build tools differs between compilation
and execution. The current PExReport supports the default Java compiler and multiple customized
compilers, such as javac-with-errorprone; if any compiler is not supported, PExReport only needs
an adjustment to the static analyzer. As the build tools sort different types of items into differ-
ent directories, the PExReport can accurately categorize items with the location information and

further allow the Failure Report Creator to place them in corresponding directories.

!On-demand compilation, such as the implicit compilation in Java, which allows the compiler to search the required
source code and dependencies to compile the designated source code.
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2.3.4 Three Enhancements

As discussed in Section besides source code and library dependencies, the build environment
also plays an important role in the reproduction of failed tests. Although the base approach can
still reproduce the failure with source code and library dependencies in the minimal standard build
environment, in order to enhance the reproduction rate for real-world complex projects, we devel-
oped the following enhancements over the base components to further reconstruct a reliable build

environment:

* Handling of the build configuration. In the collection phase, the build configuration ana-
lyzer fetches the resolved build configuration and determines the necessary values of them,
which will be then inserted into the template project by the build configuration extractor in

the reconstruction phase.

* Handling of resource files. For the collection phase, we developed the resource monitor
to watch all file accesses in the project directory during the test execution at the operating
system level. Then, in the reconstruction phase, our resource extractor will copy and insert

pruned resource files into the proper locations of the reconstructed project.

* Handling of source code generation. Our source roots tracer tracks source code generation
in the collection phase, and the generated code extractor locates the generated source code
and extracts the needed source code to skip unnecessary code generation and avoid code

generation conflicts.

Handling build configuration. Build configuration values are necessary parts of an executable
failure report. Including unnecessary configuration values will lead to more noise in the debugging
phase (the debugging developer needs to consider more factors), more information leaks (e.g.,
internal emails and file paths), as well as potential build failures, for example, the configuration
values may refer to pruned source code and dependencies which no longer exist. Therefore, we
enhance PExReport to further identify and extract only build configuration values necessary for

the failed test reproduction.
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In the Collection Phase, the Build Configuration Analyzer fetches the effective build configura-
tion (e.g., Maven provides help:effective-pom [ 10]), which the build tools use to build the failed test
at run time. The effective build configuration gathers all build configuration values scattered in all
build configuration files, and resolves configuration value overwriting among multiple configura-
tion files based on the build configuration hierarchy and resolution rules, for example, Maven picks
the “nearest definition” for resolving dependencies. However, the effective build configuration is
still redundant for reproducing the failed test, compared with the required configuration values of
the three main build phases (compile, test-compile, and test). Since tasks in the build process are
performed by various plug-ins and the plug-ins can be attached to different build phases (e.g., the
Java compiler plug-in can be attached to the compile and test-compile phases), PExReport further
leverages the attachment relationship to identify all the plug-ins that are attached to the three basic
tasks. It also excludes code-style checking and analysis plug-ins because they do not directly affect
the compilation or testing. After all necessary plug-ins are identified, the Build Configuration Ex-
tractor extracts the configuration of the plug-ins from the effective build configuration by querying
with XPath. After modifying the static information, such as the absolute project path, the extractor

feeds all the extracted information to the build configuration file of the reconstructed project.

src/main/res target/classes
data — data
datal.dat t datal.dat
t data2.dat data2.dat
form — form
form1.fm t form1.fm
t form2.fm form2.fm
— out
L outl.log

Figure 2.4: Exemplar resource directory structure
Handling resource files. The Resource Monitor identifies necessary resource files for the

failed test reproduction by using file system monitoring API (e.g., inotify [4]-a Linux kernel sub-
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system that monitors filesystem events) to watch the resource file access during the Test phase.
We use an example in Figure [2.4] to illustrate how we monitor and extract resource files, the left
side is an original resource folder existing before the build, and the right side is a target resource
folder generated after the build. The files/folders accessed during testing are highlighted in bold
font.

As shown in Figure [2.2] the resource monitor only outputs files accessed at Te st task because
the Process resources task often copies all resource files to the target folder (e.g., the whole
directory structure on the left of Figure [2.4). For necessary resource files accessed during the
compilation process (e.g., templates of generated source code), we specially handled them by the
Generated Code Extractor. Our resource monitor also ignores all files/directories generated during
the build/test process (e.g., folder out and file out 1. log in Figure[2.4] .class files) because these
files should not be included in the reproduction package (unnecessary and causing path conflicts).
For the files copied to the target location from source locations (e.g., folders data and form and
all their files in Figure [2.4), we do not consider them as generated files, because the Resource
Monitor can trace back to their source copies in the original project.

During the reconstruction phase, our Resource Extractor extracts the files and directory struc-
ture from the original project based on information collected by the Resource Monitor. For copied
resource files, the Resource Extractor uses their source copies and paths tracked by the Resource
Monitor (e.g., extracting dat a2 . dat from the original resource folder because its copy in the tar-
get folder is accessed). Note that maintaining the structure of an accessed directory is also crucial
for test reproduction. The failed test may access the directory but never access the files under it
(e.g., checking the existence of a file), and some tests require a special directory structure to repro-
duce successfully. The Resources Extractor creates empty dummy files for the un-accessed files
under the accessed directory to retain the directory structure and cover this situation. For example,
in Figure [2.4] folder form is accessed and can be traced back to the original resource folder, but
none of its files is, so the folder will be extracted, and all its files will be replaced with empty files

with same names.
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Handling source roots and generated code. The software build process may generate new
source code in various ways, such as creating code from template files, generating parsing code
from syntax/XML files, and even directly fetching source code from remote locations. Further-
more, code generation is often implemented in third-party tools and plugins. To handle such high
flexibility of code generation in a general way, we enhance PExReport by omitting the code gen-
eration process and directly including the generated source code in the test reproduction package.

At Generate sources task, the build tools use source code root paths (Source Roots) to
locate all (original and generated) source code. In the Collection Phase, our Source Roots Tracer
tracks all the accessed source code root paths from the debug information of compilation. Next, the
Generated Code Extractor utilizes the paths to identify the generated source code and excludes all
original source code. In addition, the build tools may also generate some source code from code
annotation processing. Our Generated Code Extractor excludes such code because it will cause

compilation conflicts.

2.3.5 Automatic Creation of CPF Reports

In the reconstruction phase, our base component is failure report creation. This component creates
a template project with a standard build configuration for the failure report and adds the required
source code and dependencies into the project.

The Failure Report Creator uses a customizable template to generate a standard project struc-
ture for the reproduction package. It uses different extractors to fetch required source code, de-
pendencies, resource files, and build configuration. As two basic components shown in Figure 2.2,
the Source Code Extractor converts the required item name to code file paths and copies these files
to the generated reproduce project while maintaining the original structure; the Dependencies Ex-
tractor duplicates the local and remote dependencies and reduces the unnecessary portion based on
failure traces. The generated project organizes and links the required source code and dependen-
cies in a standard build configuration file for reproduction. As mentioned earlier, in many cases, we

also need to extract the build environment accordingly so that the replication package can success-
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fully reproduce the failure. Therefore, the Failure Report Creator can further extract the required
build configuration, resource files, and generated code by incorporating the Build Configuration

Extractor, Resources Extractor, and Generated Code Extractor, respectively.

2.3.6 Failure Report Validation

After the final executable failure report (i.e., reproduction package) is constructed, the Report
Validator uses a conservative strategy to ensure the report can reproduce the original test failure.
In particular, a report is validated only if it generates the identical failure type and message after
executing the test. Note that this strategy may reject some successfully reproduced test failures
(e.g., when failure messages change with date, time, or absolute path), but it allows developers to
trust the pruned failure report (and our evaluation to be conservative). Note that in practice the

reporter could still manually validate the report when the automatic validation fails.

2.4 Evaluation

This section presents our experimental results by answering the following research questions:

* RQ1: How effective is PExReport in creating executable CPF reports? (Executability)
To answer this research question, we counted the number of subjects that PExReport can
exactly reproduce with the same failure type and message, and calculated the reproduction

rate.

* RQ2: How does PExReport perform on project pruning? (Conciseness) To answer
this research question, we calculate the reduction rates of different items from subjects and
present cumulative graphs to show the performance of pruning. If a reproduction fails, we

use the entire project as the CPF report (0% reduction rate).

* RQ3: How effective are our techniques in PExReport on solving the CPF report trilemma?
To answer this research question, we performed an ablation analysis using reproduction and

reduction rates.
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24.1 Experiment Setup

We implemented PExReport in Python, based on Apache Maven [1] build tool. Since Maven is
used primarily for Java, we chose Java projects as our target projects. The Archetype [2], a Maven
project template toolkit, is used for generating a standard Maven project for reproduction.

We performed our experiment on a Linux server running Ubuntu 16.04.5 LTS with two 8-
core 2.6 GHz CPUs and 512 GB RAM. Apache Maven 3.6.3 was used to build and run tests. To
avoid race conditions, we solely executed each build and test on the server. An automatic Failure
Validator examined the failure types and messages to ensure the failures had been successfully
reproduced. If a failed reproduction was reported, the entire project was provided as a failure

report for evaluation.

2.4.2 Metrics

To answer RQ2, we need to use some general metrics to compare pruning performance among all
subjects. Well-defined metrics could also help us to understand the results correctly. PExReport
prunes the entire building environment of the failed test, including source code, dependencies,
build configuration, and resource files. So, our metrics should measure the pruning on all of them

and we define the following metrics:

» # Internal classes: The number of classes from the JAR dependencies within the same
organization of the subject. In the Maven convention, the same organization typically shares
the same domain name in their group ID of libraries. So, we compare the group IDs to

identify internal libraries and count the internal classes inside libraries.

* # Source classes: the number of classes compiled from the Java source code.

* # Source+Internal classes: The total number of source and internal classes. Our subjects
have vastly different distribution strategies for main classes and internal classes. So, we
combine these classes to provide a more generic metric and reduce the interference of differ-

ent code distribution strategies. Since we measured the total of source and internal classes,
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and classes could be compressed in JARs, we chose the number of classes instead of the size

of classes.

* Size of build configuration: The total number of characters from the loaded POMs (Maven
build configuration files), excluding the whitespace and dependencies section for a fair com-

parison. We uses # internal classes as a metric for dependencies, which is more precise.

* # Resources: The number of resource files within the resource directories of the project.

* Percentage of reduction: The percentage of reduced items, defines as the ratio of removed
items to original items. For example, the percentage of reduction of internal classes is the ra-
tio of the number of pruned internal classes to the total number of internal classes in original

projects.

2.4.3 Dataset Construction

Our experiment dataset is constructed from the benchmark dataset of a research project—Sensor [87]],
which triggers failures by changing dependency versions of open-source Java projects. The Sensor
ground truth dataset contains 316 semantic conflicts confirmed by researchers. In our dataset, we
refer to one unique failed project-library pair as one cross-project issue and one failed test case as
one CPF. Although PExReport can handle CPFs raised by multiple test cases (treat multiple tests
as one test), clustering tests based on dependencies is beyond the scope. Given that each issue may
contain multiple CPFs, our experiment dataset consists of 74 issues with 198 CPFs.A

We do not use every CPF in Sensor dataset as subjects to evaluate PExReport because (1) some
issues are irreproducible due to environmental change; (2) some CPFs are irreproducible solely
since they are dependent on other CPFs (clustering non-independent tests is beyond the scope of
this chapter); (3) some CPFs have random factors or are flaky, so they may cause uncertainties
during validation; and (4) many CPFs in one issue are identical, so using all of these repetitive

failures will dominate the results. Therefore, we performed the selection for representative CPFs

in the following steps:
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» Step 1: Verifying failed issues. After removing duplicated project-library pairs, we down-
loaded projects into our server and executed them without applying any changes. For those
successfully executed projects, we re-executed them with conflicting libraries based on the
Sensor dataset. Then, we selected all the issues that only failed with changed dependencies
in our experiment environment. We set a 900-second time limit for each execution and re-
moved all projects with timeout and compilation failures. Only three issues were discarded

due to timeout; 119 issues were collected throughout this step.

* Step 2: Clustering CPFs. We executed all CPFs three times and removed all CPFs with
inconsistent output over three executions, after which five issues were discarded. For each of
the remaining issues, we clustered CPFs with the identical failure type and message (failure
group) into one cluster. As a result, we clustered 6,415 CPFs into 1,020 failure groups from

114 issues. The maximal number of failure groups within an issue is 367.

» Step 3: Selecting representative CPFs as subjects. We observed that an issue may have
significantly more failure groups (i.e., 367) than others because test failures whose messages
contain unique numbers (e.g., Java Object ID) are clustered into distinct failure groups. In
addition, ninety percent of failure types contain no more than four failure groups. To avoid
over-representation, we further considered failure types (e.g., Assertion Failure, No Such
Method) by selecting up to four failure groups at random for each failure type and issue, and
then randomly selecting one representative CPF for each selected failure group. In this step,
we only selected CPFs that are solely reproducible; 105A out of 395 (26.5%) failure groups
and 45 out of 238 (18.9%) failure types have been discarded due to none of their CPFs being
solely reproducible. We observed that 33 of the 107 selected issues lack internal libraries.
For a more comprehensive and consistent evaluation, we only use the 74 issues with internal

libraries

’The data used in this chapter and PExReport implementation are available at ht tps: //doi.org/10.5281/
zenodo . 7578677; additional evaluation results for the 33 issues and concrete examples can be found on our web-
site: https://sites.google.com/view/PExReport/home
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Table 2.1: Statistics of the collected issues.

Item Min. Max. Mean Med. 0
# Internal classes 32 36,389 3,848 955 74
# Source classes 8 2,457 265 144 74
# Source+Internal cls 90 36,417 4,113 1,331 74
Size of Config 8,428 77,735 25,349 21,746 T4
# Resources 0 655 55 8 68
# Total issues 74

Eventually, we collected 198 representative CPFs from 74 issues. Table [2.1]shows the statistics
of the issues in our dataset. The symbol #0 means not equal to zero. The #0 column shows the
count of issues that have at least one corresponding item. For instance, an issue that does not have
any resource files will not be counted.. The statistics show that the issues in our final dataset have

a large number of classes (4,113 Mean and 1,331 Median of # Source+Internal classes).

AssertionErr,
AssertionFailedErr.
NoSuchMethodErr.

JavaLangExc.
ClassNotFoundExc.

NullPointerExc.
ComparisonFail.
NoClassDefFoundErr.
IllegalStateExc.
UnknownCRSExc.
Others

Failure Types

30

0o 50 100
Number of Test Cases

Figure 2.5: Top 10 failure types in representative CPFs

We further categorized the 198 CPFs based on their failure type to show the diversity of failures
in our dataset. The total number of different failure types is 31, and the top 10 failure types are

shown in Figure 2.5] The top two failure types are assertion-related, representing more than half
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of CPFs. The assertion-related errors indicate that the actual variable values are not equal to the
expected values. Another common failure type is “not found”. If the dependency change modified

class/method signatures, the program could still fail in the Te st task in the case of reflection.
2.4.4 Evaluation Results

The answer to RQ1

To answer the RQI1, we executed PExReport on 198 representative CPFs and summarized the
results in Table [2.2] PExReport successfully reproduced 184 out of 198 CPFs with exact failure

types and messages, and achieved a high reproduction rate of 92.93%.

Table 2.2: Reproduced CPFs

Implementation # Repro. CPFs Repro. Rate Perf.(sec)
PExReport 184 92.93 % 73.03
w/0 Dynamic 48 24.24% 66.51
Source & Deps. 46 23.23% 51.22
w/o Build Config 101 51.01% 65.79
w/o Resources 104 52.53% 68.61
w/o Generated Code 146 73.74% 55.08
# Total CPFs 198

We investigated the 14 unreproduced CPFs to understand why PExReport cannot reproduce
them. 9 of the 14 CPFs failed because of the unsupported compilers (i.e., Groovy [3] compiler),
which could not provide the class reference information for Hybrid Backward Failure Tracing. The
rest of the 5 unreproduced test cases are missing required classes at run time. We believe the Java
Runtime failed to provide all the information on required classes during the test execution. The

mistracking could happen when a program checks the existence of a class but never access it.

The answer to RQ2

We further calculated the percentage of reduction for each metric and presented Table [2.3|to show

the statistics of the percentage of reduction. PExReport performed a 55.37% of average reduction
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Table 2.3: Statistics of reduction rate

Percent Reduction Min. Max. Mean Med.
# Internal classes 0.00% 100.00% 7594% 84.67%
# Source classes 0.00% 99.05% 55.37% 64.39%
# Source+Internal cls  0.00%  99.65% 72.97% 79.95%
Size of Config 0.00% 96.76% 82.96% 89.02%
# Resources 0.00% 100.00% 74.18% 90.91%

rate on required source classes and outperformed on internal classes, source+internal classes, build
configuration, and resources with 75.94%, 72.97%, 82.96%, and 74.18%, respectively.

We assume the reporter still wants to use the entire project as a failure report if PExReport fails
to reproduce the failure. Therefore, the percentage of reduction is 0% for unreproduced subjects.
We presented the cumulative plot of results in Figure 2.6 The S+I represents Source+Internal,
shown as the orange curve. The y-axis is the fraction of x that has satisfied the > condition, which
means that the fraction of results have at least a certain percentage of reduction. For example, a
point (z = 60%, y = 0.79) on the blue curve (Internal) shows that 79% of CPFs have a reduction
rate over 60% on internal classes.

PExReport performed impressively on almost all the metrics. As the source code can provide
excellent readability to developers, we believe 55.37% of the average reduction rate is acceptable
in the CPF report. Our investigation shows that the high reduction rate for build configuration is
based on non-test-related configuration, such as the deployment settings and unused plugin set-
tings. Figure [2.6] shows that PExReport could provide a stable reduction rate for the redundant
dependencies. In conclusion, the high reduction rates indicate that PExReport could provide con-

ciseness to CPF reports.
The answer to RQ3

Besides the Hybrid Backward Failure Tracing, PExReport applies three enhancements to handle
build configurations, resource files and generated code. We performed an ablation analysis on

PExReport and calculated reproduction and reduction rates.
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w/o Dynamic represents PExReport without the dynamic tracer (JVM monitoring), which still
retains the static analyzer and three enhancements. As shown in Table 2.2] w/o Dynamic only
achieved a low reproduction rate of 24.24% by reproducing 48 of 198 CPFs. Compared with the
high reproduction rate of 92.93% from PExReport, it states that pure static analysis could perform
terribly in real-world Java applications as large Java applications use various dynamic features.
Source & Deps. represents PExReport without three enhancements, which provides source code
and dependency packages with the standard Maven build configuration. The Source & Deps. only
reached 23.23% (46 of 198 CPFs), a low reproduction rate. Although source code and dependen-
cies contain the most information that developers expect the reporter to provide, it is still highly
likely that developers cannot use them with the standard build setting to reproduce the CPF, as
exemplified in Section [2.2] To better understand the effectiveness of the three enhancements, we
turned off each enhancement one by one and compared the results with the integrated PExReport.
As shown in Table[2.2] the impacts of these enhancements are large. The reproduction rate reduces
from 92.93% to 51.01% and 52.53% without enhancements on build configuration and resource
files, respectively. Without the generated code enhancement, 73.74% of CPFs can still be repro-
duced because code generation is not a must for many Java projects. In contrast, developers need
to deal with build configuration in every project, so the corresponding enhancement has the largest
impact.

We also presented the reduction results of ablation analysis in Figure 2.7, using cumulative

plots to intuitively compare our techniques.
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As shown in the performance column of Table PExReport’s execution time is not heavily
affected by these enhancements. As creating CPFs is not a repeated activity like the standard build
process, the average reproduction finished in a minute or so should be acceptable.

Overall, PExReport reproduced the majority (92.93%) CPFs and provided executable cross-
project failure reports with an average of 72.97%, 82.96%, and 74.18% reduction rate for source

and internal classes, build configuration, and resources, respectively.
2.4.5 Threats to Validity

The major internal threat to validity is the potential errors in our scripts and tool building. To reduce
this threat, we carefully checked the implementation and shared them for peer review. The major
external threat to validity is the variance of projects and test failures that may not be covered by
our evaluation. To reduce this threat, we constructed our dataset based on the ground truth research
dataset—Sensor [87]] and carefully chose CPFs to avoid bias. Although PExReport is designed to
work on all reproducible failures, our evaluation does not consider flaky tests and non-independent
tests to avoid uncertainties and inconsistencies. Consistently reproducing and clustering failures

are beyond the scope of this chapter, but may also require future research.

2.5 Discussion

Generalization to Other Languages and Building Tools. PExReport is designed based on Maven
and implemented for Java programming language. However, the idea of our approach is general
and may be applied to other programming languages and build tools. The dependency analysis
and enhancements for build configuration, resource files, and generated code are generalizable to
most JVM languages, but compiler integration may be different from language to language, so the
Hybrid Backward Failure Tracing component needs to be adjusted to support new languages. Other
build tools such as Gradle / Make may allow more complicated file operations so more advanced
analysis of the build process may be required.

Duplicate Failure Reports. PExReport takes a single CPF as its input, but one issue may
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generate more than one CPFs. PExReport does not resolve the potential duplication of CPFs but it
can be resolved using test failure clustering and selection of representative CPF from each cluster.
In our experiment, such clustering largely reduced the client CPFs to be considered. In practice,
the developer may manually determine which CPF should be reported and which one should not,
and select a representative CPF. Furthermore, even if the developer chose two CPFs with a similar
root cause, after the pruning, representative CPFs sharing the same root cause may be reduced to
similar executable CPF reports. In such cases, the client developer may need to double-check the

similarity between executable CPF reports before submitting them.

2.6 Related Work

Though we are not aware of any research efforts creating pruned executable CPF reports to solve
the CPF report trilemma, our techniques are related to existing efforts on bug reproduction, pro-
gram slicing, software de-bloating, and fault localization.

Bug and Crash Reproduction. Recently, JCHARMING [63]] uses crash traces and model
checking to identify program statements needed to reproduce a crash. Liu et al. proposed Double-
Take [54]], which uses evidence-based analysis to largely reduce the cost of recording erroneous
states. Huang and Zhang proposed LEAN [42]] to reduce the complexity of the replayed trace and
the length of the replay time without losing the determinism in reproducing concurrency bugs.
Weeratunge et al. [89] propose a novel approach that performs a lightweight analysis of a fail-
ing execution in a multi-core environment and reproduces the bug in a single-core system, under
the control of a deterministic scheduler. Herbold et al. [39] proposed a generic and non-intrusive
GUI usage monitoring mechanism to record and replay GUI bugs. Moran et al. [60] proposed a
technique that records user action steps when reproducing an Android bug, and automatically fills
them into a bug report. Some other research efforts [36] [35] try to automatically construct build
or execution environments but they have not been applied to bug reproduction. Compared with ex-
isting approaches in this area, our approach focuses on the pruning and reconstruction of the build

environment for buggy execution, including build configuration, resource files, and generated code.
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Program Slicing. Program slicing [90] is a technique to carve from a large program a smaller
program that implements one or multiple features of the larger program. Program slicing often
relies on code dependency graph [28]] [86] and has been used to prune a lot of targets from source
code [78] to pre/post conditions [33]], paths [43], and databases [91]. Dynamic slicing [[13]] [99]
identifies the statements that the buggy output depends on. Executable union slicing preserves the
meaning of the original program using conditioned slicing. [27] Compared with program slicing,
PExReport focuses more on the build environment. The low reproduction rate of PExReport’s
variant without enhancements shows that fetching only code dependency is not sufficient. On the
other hand, PExReport’s enhancements can also be viewed as a slicing of the build environment,
including the build configuration and the resource files.

Software De-bloating. Software de-bloating techniques prune a released software package to
remove unnecessary dependencies and thus reduce its size, loading time, and attack surface. Pure
static de-bloating techniques such as ProGuard [11] and Jax [81] rely on static program slicing
and more recent work such as JShrink [22] further consider runtime dependencies. Although both
pruning code, compared with PExReport, the goal of de-bloating is to retain software features
instead of reproducing a single execution. Also, although de-bloating may generate executable
pruned code by tracking execution dependencies, it does not work on source code and does not
retain the build environment.

Fault Localization. Statistical fault localization [45] [44] gives a suspicious score to each
statement (or other types of code structures such as sub-control-flow-graphs [25]]) according to the
number of successful and failed test cases that cover the statement. IR-based fault-localization [[85]]
evaluate suspiciousness scores of statements by their textual similarity to the descriptions in a given
bug report. Change-aware fault localization, such as Delta-debugging [97]] [96] [94] considers the
scenario of localizing regression faults when the history between the successful version and failed
version is available. Other approaches [98]] [71] perform impact analysis on code changes to lo-
calize faults. Hassan and Wang [37] studied localization and repair of bugs in build scripts. On

cross-project bugs, Mostafa et al. [61]] and Chen et al. [24] studied behavior backward incompatibil-
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ities and their detection. Compared with all these techniques, PExReport focuses on reproduction
instead of localization of bugs, so it needs to further identify and package all dependencies of a

bug in its build and execution process.

2.7 Future Work

In the future, we plan to enhance our research in the following directions. First of all, we plan
to enlarge our dataset to evaluate PExReport on more CPFs in more projects. Second, we plan to
further prune the created executable CPF reports with finer-grained analysis and perform source
code detailed reduction. Third, we plan to perform user studies to understand how much our tool
can help developers in reproducing real-world bugs. Fourth, we plan to expand PExReport with

other build tools by developing more advanced features for different software ecosystems.

2.8 Conclusions

An executable test case is one of the most desirable features of failure reports. When reporting
cross-project failures (CPFs) to library developers, a test case is even more helpful because code
is a natural way to describe interactions between library code and client code. In this chapter,
we developed PExReport, a framework to automatically create pruned executable CPF reports
for developers, and solve the CPF report trilemma. PExReport uses Hybrid Backward Failure
Tracing to identify the necessary source and dependencies, and has further enhancements to handle
build configurations, resource files, and generated code. Our evaluation shows that PExReport can
produce pruned executable CPF reports for 184 of 198 CPFs with an average reduction rate of

72.97%.
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CHAPTER 3: PEXREPORT-MAVEN: CREATING PRUNED
EXECUTABLE CROSS-PROJECT FAILURE REPORTS IN THE MAVEN
BUILD SYSTEM

3.1 Introduction

Modern Java software development extensively depends on existing libraries written by other de-
veloper teams. When a developer executes the test, the execution trace may go across the bound-
aries of multiple dependencies and create cross-project failures (CPFs). Typically, the client and
third-party developers do not share dependencies or the test environment, which makes reporting
CPFs more challenging. None of the existing techniques is able to produce an ideal CPF report
that is simultaneously executable, readable, and concise. In particular, code portions generated
from program slicing techniques [[13,90] are typically not compilable or executable because they
do not consider environment dependencies beyond source code. Software debloating [22}38]] tech-
niques are applied directly to binary code, so the corresponding source code is difficult to acquire.
Packaging the whole project will guarantee failure reproduction but lead to high storage and net-
work transmission costs, as well as noise during debugging. This creates the trilemma of the
cross-project failure report, as shown in Figure [3.1]

To solve the CPF trilemma, we designed a framework called PExReport in Chapter 2] We
implemented PExReport in Maven []1] build system to create a tool called PExReport-Maven for
solving the trilemma in the Java ecosystem. In this chapter, we reveal additional implementation
details with a concrete example, describe the tool’s anticipated users, and propose a plan for future

study based on user feedback.
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Executability

Readability ————— Conciseness
Program Slicing

Figure 3.1: Cross-project failure report trilemma

3.2 PExReport-Maven Description
3.2.1 Overview

Figure shows an overview of PExReport-Maven’s workflow. The input to PExReport-Maven
is a failed test case from an existing Maven build environment, and the output is a pruned stand-
alone executable failure report. PExReport contains two major phases: the collection phase to
collect information about necessary Java source code, JAR dependencies, and the Maven build
environment for re-executing the failed test case, and the reconstruction phase to reconstruct a
stand-alone Maven project for the failed test case based on the collected information. The failure
traces are the collected information from a failed test case in the first phase. The arrows show
the information flow between each component of PExReport. The reconstructed Maven project
for failure reporting will be automatically validated by checking whether exactly the same error
messages are triggered as in the original failure. Once the project is validated, it can serve as a

reproduction package of the original failed test case and will be reported as a pruned executable
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failure report to the developers of dependency code.

3.2.2 Core Maven Phases for the Lifecycle of Test Failures

PExReport-Maven is designed based on the core phases of the Maven build system involved in the
lifecycle of test failures. [12] These phases are generally executed in the order they are presented,

but some phases may be omitted if not required for the current project.

GenerateSources (optional): generate any source code for inclusion in compilation.

ProcessResources (optional): copy and process the resources into the destination directory.

Compile (mandatory): compile the source code of the project.

TestCompile (mandatory): compile the test source code into the test destination directory.

Test (mandatory): run tests using a suitable unit testing framework.

The three mandatory phases, namely Compile, TestCompile and Test, are the basic
steps to reproduce a test failure used by Maven. We noticed that compile and test-compile
are both used to compile source code. The main reason is to make the software source code inde-
pendent of the test source code. Code generation and resource management are quite popular in
complex real-world Java applications. Although they are optional tasks, we should not underesti-
mate their role in reproducing real-world failures.

Figure [3.3]is a concrete example that shows the lifecycle of a Java test failure in the Maven
build system. This example only involves sample Java source code and JAR dependencies. The

GenerateSources and ProcessResources are excluded for simplicity.

* Compile: Java compiler compiles all source code in the left rounded rectangle (red) by

referencing JARs.

* TestCompile: Java compile compiles all test source code in the middle rounded rectangle

(blue) by referencing classes of Compile task and test JARs.
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public class ClientClass(){
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public class ClassForExternal{
private ClassLibraryFailure library;
public methodForExternal(){
library.methodLibraryFailure();}}

client-internal-util jar

private ClassForExternal util;
public methodForlinternal(){
util.methodForExternal();}}

TestCompile

ClientTest.java

public class ClientTest(){
private ClientClass client;
@Test
public clientTestCase(){
Class.forName("ClientTestHelp");
client.methodForinternal();}}

Test

ClientTest.clientTestCase
>JVM dynamic class loading

From TestCompile:
ClientTest.class
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public class ClassLibraryFailure(){
public methodLibraryFailure();} / public class ClientTestHelp(){
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private ClassForHelp help;}}

From External:
...jar: ClassLibraryFailure.class

ClassForHelp.java

ClientCore.java class ClassForHelp

l - J

public class ClientCore(){}

l client-internal-help.jar

class InternalHelp()

Figure 3.3: Maven test failure example

* Test: In the right rounded rectangle (orange), the JVM runs ClientTest.clientTestCase test by

loading classes from Compile and test tasks.
3.2.3 Hybrid Backward Failure Tracing

In the collection phase, the base component is hybrid backward failure tracing, a three-step analysis
that traces failure-related Java source code and JAR dependencies (Java classes or Bytecode). This
component compiles and executes the failed test case in its original Maven build environment, and
tracks Java class usage at Test, TestCompile and Compile core Maven phases. These three phases
are essential for any test code to be compiled and executed, as shown in Figure[3.3]

The workflow of hybrid backward failure tracing is shown in the top part of Figure 3.2} In
build process order, the compiled Java classes in Compile task are provided to the succeeding
testCompile task as dependencies; after that, the compiled Java classes of testCompile are loaded
to test task for execution. The build process must be irreversible to ensure that the Java classes

that compile before them never depend on those that compile after them. If a test failure occurs,
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all the failure-related Java classes can be tracked in the reversed build process order. Since failure
happens at the end of the build process (test task), backward tracing can be performed to obtain
the failure dependency tree.

The detailed tracing of the failure example in Figure |3.3|is shown in the following:

* Round 1: executes Compile (all source) and TestCompile (all test source) tasks, then run
ClientTest.clientTestCase in Test task. The dynamic tracer component records all dynami-
cally loaded classes in the Test task, accordingly.

— Input: ClientTest.clientTestCase
— Output Traces:

* From TestCompile: ClientTest, ClientTestHelp (dynamic)
* From Compile: ClientClass
* From Internal: ClassForExternal (client-internal-util.jar)

x From External: ClassLibraryFailure (library-failure.jar)

* Round 2: executes Compile task, and TestCompile
(ClientTest.java, ClientTestHelp.java) task. The static analyzer component records all re-
ferred classes in TestCompile task, accordingly.
— Input: Traces from Round 1
— Output Traces:

* From TestCompile: ClientTest, ClientTestHelp (dynamic)

* From Compile: ClientClass, ClassForHelp (static)

« From Internal: ClassForExternal (client-internal-util.jar)

« From External ClassLibraryFailure (library-failure.jar)

* Round 3: executes Compile task (ClientClass.java,
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ClassForHelp.java) task. The static analyzer component records all referred classes in Com-
pile task, accordingly.

— Input: Traces from Round 2

— Output Traces:

% From TestCompile: ClientTest, ClientTestHelp (dynamic)
* From Compile: ClientClass, ClassForHelp (static)

x From Internal: ClassForExternal (client-internal-util.jar ), InternalHelp (client-internal-help.jar)

* From External: ClassLibraryFailure (library-failure.jar)

3.2.4 Enhancement Components

In addition to the base component (hybrid backward failure tracing), our tool also consists of three

enhancement components to further reconstruct a reliable build environment.

* Handling of the build configuration. In Maven, all work is done by plugins, but most
plugins are irrelevant for reproducing failure. The Build Configuration Analyzer fetches
the effective build configuration (help:effective-pom [|10]), which Maven uses to build the
failed test at run time. The effective POM gathers all build configuration values scattered
in all build configuration files and resolves configuration value overwriting among multiple
configuration files based on the nearest definition for resolving dependencies. However, the
effective POM is still redundant for reproducing the failed test compared with the required
configuration values of the three core phases. Since phases in the Maven build process are
performed by various plugins and the plugins can be attached to different build phases (e.g.,
the Java compiler plug-in can be attached to the Compile and TestCompile phases), we fur-
ther leverage the attachment relationship to identify all the plugins that are attached to the
three core build phases. It also excludes code-style checking and analysis plugins because
they do not directly affect compilation or testing. The build configuration extractor collects
the configuration information from these plugins and updates the failure reproduction pack-

age.
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* Handling of resource files. In the Linux kernel, the inotify API provides a mechanism for
monitoring filesystem events. We use Pyinotify [7]], a Python module that wraps the inotify
API, to monitor all resource activities under the project scope. As shown in Figure [3.2] the
resource monitor only outputs files accessed at Test phase because the Process resources
phase copies all resource files to the target folder. For necessary resource files accessed dur-
ing the compilation process (e.g., templates of generated source code), we specially handled
them by the Generated Code Extractor. Our resource monitor also ignores all files and direc-
tories generated during the build or test process because these files should not be included
in the reproduction package (unnecessary and causing path conflicts). For the files copied to
the target location from source locations, we do not consider them generated files because

the Resource Monitor can trace back to their source copies in the original project.

* Handling of source code generation. The Maven build process may generate new source
code in various ways, such as by creating code from template files, generating parsing code
from syntax or XML files, or even directly fetching source code from remote locations. Fur-
thermore, code generation is often implemented in third-party tools and plugins. To handle
such high flexibility in code generation in a general way, we omit the code generation pro-
cess and directly include the generated source code in the failure reproduction package. At
GenerateSources phase, the build tools use source code root paths (Source Roots) to locate
all original and generated source code. In the Collection Phase, our Source Roots Tracer
tracks all the accessed source code root paths from the debug information of compilation.
Next, the Generated Code Extractor utilizes the paths to identify the generated source code
and excludes all original source code. In addition, the build tools may also generate some
source code from code annotation processing. Our Generated Code Extractor excludes such

code because it will cause compilation conflicts.

3.3 Envisioned Users

The following users can make use of PExReport-Maven:
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* Developers of Java applications who use the Maven build system and third-party libraries

(open-source or proprietary) can use our tool to report test failures.

» All software defect datasets suffer from software breakages that are mostly related to soft-
ware dependencies. Dependency caching can effectively prevent software breakages and en-
sure long-term reproducibility. [[101] Because PExReport-Maven can preserve Maven build
environments (e.g., required dependency caching) and necessary portions of Java projects for
reproducing CPFs, our tool is useful for researchers who want to share their CPF datasets
with pruned build environments. For example, our tool has been validated on the Sensor

dataset, which is a dependency conflict dataset. [87]

3.4 Using the Tool
3.4.1 Download

PExReport have been uploaded to a open source repository on GitHub. It can be download use

following git command.
git clone https://github.com/wereHuang/PExReport-Maven
3.4.2 Create a Working Environment

1. Use a Linux machine; the tool is verified in Ubuntu 22.04 LTS. This tool also supports

containerized environments with Linux host machines.

2. Install Maven 3 and pip for Python3.

sudo apt update

&& sudo apt install maven python3-pip -y

3. Install Python packages using requirements.txt under the root folder of PExReport-

Maven.
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sudo pip install -r requirements.txt

4. Install the customized Maven Archetype for PExReport-Maven.

Change the working directory to pexreport-archetype, then execute:
mvn clean install
5. Install Java 8 (required for test)
sudo apt install openijdk-8-jdk -y
3.4.3 Command Line Usage
1. A CPF can be triggered by the following Maven command:
mvn clean test -Dtest=TEST_NAME

2. Pass the test name, path of the source project, group ID for internal dependencies, and report

name of output to per.py:
per.py —n TEST_NAME -s SOURCE —-g GROUPID -t TARGET

3. The CPF report named TARGET will be created, which is a reproduction package for the
original CPF. In the directory of the generated CPF report, use the same Maven command

that triggered the original CPF to reproduce.

3.5 Evaluation and Studies

Our tool has been evaluated on executability and conciseness in Section [2.4] The evaluation of 74
software project issues with 198 CPFs achieved a high reproduction rate for 184 out of 198 CPFs,
with an average reduction rate of 72.97% on Java classes.

We plan to further collect user feedback to understand how much our tool can help developers
report real-world test failures. This study could also assist us in answering the question, "How

could the community enhance this tool?"
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3.6 Conclusions

An executable test case is one of the most desirable features of failure reports. When reporting
cross-project failures (CPFs) to library developers, a test case is even more helpful because code
is a natural way to describe interactions between library code and client code. In this chapter,
we present PExReport-Maven, a tool to automatically create pruned executable CPF reports for
reporters using the Maven build system, and solve the CPF report trilemma in the Java ecosystem.
The future study will be conducted based on user feedback from using this tool for real-world test

failure reporting.

47



CHAPTER 4: BUILD ISSUE RESOLUTION FROM THE PERSPECTIVE
OF NON-CONTRIBUTORS

4.1 Introduction

Open-source software (OSS) frequently requires building from source code. This “build” process
often encompasses several steps, including compiling the source code, resolving dependencies,
packaging, testing, performing static analysis, generating documentation, and preparing for de-
ployment. The primary roles of those engaged in these building activities are those of project
contributors, who manage repositories and commit code. However, there are also numerous non-
contributors who need to build the project for their own goals. Examples of such non-contributors
are as follows:

Users: Not all OSS projects provide pre-built installation packages. Even when available,
these packages may not be compatible with a user’s operating system (OS) or local environment.
So some users may need to build projects from source code in their local environments. Advanced
users might also prefer non-default configurations, utilize new features not yet included in a sta-
ble release, or compile directly from the source code for security reasons, such as in blockchain
scenarios [8]].

Learners: Individuals who are new to OSS development and are in the learning phase also
engage in building OSS. They may start by compiling and experimenting with the source code to
understand the project structure and functionality better. This hands-on experience is essential for
their growth as OSS contributors.

Potential contributors: Individuals who wish to propose feature improvements or bug fixes
for OSS must also build the project initially. This step is necessary before they can validate their
revisions and submit a pull request. However, because OSS often has diverse build environments,
these potential contributors frequently lack the required local build setups. Setting up these envi-

ronments themselves can pose its own set of challenges.
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In this chapter, within the context of the OSS build process, we use the term “non-contributor”
to refer to roles that lack familiarity with the build environment of the target OSS and need to set
up their local environment. These roles may have varying degrees of background knowledge about
the target OSS, but they all share the common objective of building the OSS from its source code.

Since non-contributors are often unfamiliar with the build environments of the OSS projects
they aim to work on, many encounter challenges in this process. On Stack Overflow (SO), filtering
by the keywords “not build” yielded 6,760 out of 43,140 (15.7%), 7,374 out of 95,275 (7.73%), and
10,336 out of 73,559 (14.1%) relevant SO questions for three well-known open-source projects:
Tomcat, Hibernate, and OpenCYV, respectively [66]. Since OSS contributors are unlikely to address
internal build issues on Stack Overflow (preferring internal issue tracking systems like GitHub
Issues or JIRA), it is reasonable to infer that most of these SO questions are from non-contributors
experiencing build issues in their local environments. These numbers highlight the prevalence
and difficulty of build issues faced by non-contributors. Another illustrative example is evident in
computer science (CS) classes, where students frequently encounter initial project hurdles. These
difficulties typically arise from their inability to build or install the frameworks or tools on their
own systems.

Despite the prevalence of build issues from non-contributors, existing research has largely
overlooked these challenges, focusing primarily on the perspective of contributors, such as the
developers of the project being built. For instance, extensive studies have been conducted on the
effort required to maintain build scripts [58,59], the categorization and distribution of bugs in build
scripts [16,77,93], the patterns of fixing build scripts [55,/100]], and how build failures occur in
new integration scenarios such as Continuous Integration (CI) chains [102]] or Docker environ-
ments [92]. It is important to note that build issues experienced by non-contributors may have
different root causes compared to those experienced by contributors. The latter are often caused by
flaws in the build scripts or code of the project being built, while the former are likely related to the
local environments of the non-contributors, assuming that most OSS projects are released with val-

idated build scripts. One potential reason why build issues experienced by non-contributors are not
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studied may be due to data collection challenges. Most existing studies gather data from version
histories and build logs, while non-contributors’ experienced build issues are never systematically
tracked or recorded.

In this chapter, we present a study to investigate build issues experienced by non-contributors,
aiming to answer the prevalent question, Why does the OSS project not build on my machine?.
Our study tracks the behaviors of senior-year and graduate computer science students as they un-
dertake build tasks for various OSS projects. We believe these students are representative subjects
for our study, as they currently occupy learner roles for the target OSS projects and could poten-
tially transition to user or potential contributor roles with appropriate guidance. All these students
have a certain level of background in information technology (most have some internship and
working experience), which positions them for a more advanced user role in utilizing the target
OSS projects. We have designed these build tasks as a course project for a cross-listed software
engineering course, where we instructed 31 students to build 12 different OSS projects in 6 pro-
gramming languages (PLs) in order to explore the symptoms and causes of build issues experienced

by non-contributors.

4.2 Related Works

The research efforts most related to our research are user studies on software build tasks. Kwan et
al. [50] studied developers from IBM to find out whether team composition and coordination may
have an impact on software build success. Dawns et al. [29]] studied the operation of a build team
to evaluate an automatic build management tool that enforces the build failure handling process.
Philips et al. [67] studied software building teams at Microsoft and found that most challenges
are on the social aspects of the team. Kerzazi et al. [47] studied 3,214 software builds and found
that 17.9% of builds failed and more than 300 man-hours were cost to fix them. Hilton et al. [40]
performed interviews with 16 developers to find out their opinion on whether the CI process may
enhance software productivity. Vassallo et al. [83]] performed a study with 17 participants to find

out how well developers can take advantage of BART, a tool for summarizing build failure reasons.
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Different from our research, all these studies are from the perspective of project managers or senior
developers instead of non-contributors.

Besides user studies, there have been a lot of empirical studies on software build history and
build failures. Mcintosh et al. studied the version histories of proprietary and open source software
projects to estimate the effort required to repair build scripts [58]] and to correlate effort with type of
bulid systems [59]. Xia et al. [93]] performed studies to summarize bugs in software build systems.
Zhao et al. [[100] studied build failure reports in five OSS and found that build failures take much
more time to fix than others. Barrak et al. [16] studied how build failures are correlated with code
smells in build scripts and code. Licker and Rice [53]] investigated the incorrect rules in build
scripts by using a mutation testing approach. Wu et al. [92] studied the characteristics of build
failures in the context of docker environments. These existing studies focus on build failure logs
and build failure fixes in the commit history. In contrast to previous studies, our research collects
and analyzes the entire process of completing multiple OSS build tasks in a local environment,

taking into account the system environment factors that influence the build process.

4.3 Study Design

We conducted a study that gathered data on build issues from 31 participants involved in 12 OSS

projects. This provided us with a comprehensive understanding, enabling us to identify key symp-

toms and examine their resolution process. We aim to answer the following research question:
What are the common symptoms of build issues experienced by non-contributors during

the build process, and to what extent can these symptoms be mitigated?
4.3.1 Participants and Tasks

Our participants were 31 students enrolled in the same software testing course. This course is a
cross-listed elective for senior-year undergraduates and graduate students, with software engineer-
ing as a prerequisite. The course, taught by two of the authors at a university, focuses on software

testing approaches, test planning, test case design, and build systems with CI/CD concepts. In our
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Table 4.1: Selected OSS projects

PL Project No. Participants No. Issues
C++ opencv/opencv 3 30
tensorflow/tensorflow 3 38

Go gohugoio/hugo 4 32
kubernetes/kubernetes 2 18

Java elastic/elasticsearch 2 18
spring-projects/spring-boot 3 46

JavaScript electron/electron 1 4
vuejs/vue 4 36

PHP fzaninotto/Faker 2 9
guzzle/guzzle 1 15

Python pallets/flask 3 26
scikit-learn/scikit-learn 3 31

Total 31 303

study, students shared many characteristics with non-contributors who only needed to build the
released OSS without modifying the source code. None of the students have the experience to set
up the specific build environments required by the OSS projects in our study. Almost all of the
students will work or are already working part-time or full-time as developers, so studying their
behavior could further help us understand the build issues when newcomers are onboarding.

As shown in Table 4.1] we selected 6 popular PLs from the top 15 used on GitHub. For each
PL, we chose 2 of the top 10 most popular OSS projects on GitHub, ranked by the number of
stars. We made our best effort to choose PLs and OSS projects with distinct real-world application
scenarios. Participants picked a project from the 12 OSS projects on a first-come, first-served
basis. We limited each project to three slots to ensure that each project had at least one participant.
Participants were instructed to write a report documenting at least 10 non-trivial build issues. They
were encouraged to resolve the issues if they could.

Students were required to complete the study as one of their major course projects. We de-
signed a three-stage task list to help participants become familiar with the study process: 1) Setup.

Participants were instructed to use the Google Cloud Platform (GCP) online console to set up a
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GCP project with $50 education credits and enabled APIs for creating virtual machines (VMs). 2)
Warm-up. Participants were instructed to create a warm-up VM instance. They then performed
warm-up build activities to familiarize themselves with the logging and snapshot-taking processes.
3) Build OSS projects. Each of the participants picked one OSS project for their build tasks. They
utilized log scripts, snapshots, and textual issue reports to document build issues encountered dur-
ing the build process of the target OSS project.

The anticipated outcomes of the study included successfully compiling the OSS projects and
passing all tests using the commands specified in the build tasks. Beyond the build outcome,
participants’ grades would be evaluated based on their effort invested in completing the tasks, as
evidenced by snapshots and issue reports. This grading approach was designed to accommodate
participants who might not be able to successfully build the OSS projects. As the conductors of
the study, our role was to provide clarity on the objectives of the build tasks. Our study protocol
underwent assessment and received approval from our local Institutional Review Board (IRB). All
students were informed that they may withdraw their data after grading, ensuring their data would

not be included in our dataset for this study or any future research activities.

4.3.2 Data Collection

We designed protocols to collect data throughout the build process. As participants performed
build tasks on a virtual machine (VM), we used the following methods to capture all relevant data.

VM state logging. When encountering build issues, participants used a script to log command
history, environment variables, and network information. This logging helped correlate system
data with reported issues. Participants also logged the final VM state upon completing tasks, with
all logs saved for later analysis.

VM snapshots. Snapshots captured the entire VM state at specific moments, including files,
settings, and configurations. Participants manually took snapshots upon encountering build issues
and upon task completion, though temporary environment variables could be lost in the process.

Build issue report. Participants documented build issues, including inputs, outputs, and solu-
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tions, along with details about the build environment (e.g., language versions, tools). They summa-

rized their process and provided feedback, offering insights into their problem-solving strategies.

4.4 Results and Analysis

We collected a total of 303 build issues from 31 build issue reports, along with 380 snapshots con-
taining environment logs. One student changed from the “electron/electron” project to “vuejs/vue”
due to low GCP credit. One student worked on the wrong project in Go. Eventually, for each
OSS, there was at least one student and a maximum of four students. For each PL, there were at
least three students and a maximum of six students. In the collected 303 build issues, the minimum
number of issues reported was 4 for the “electron/electron” project, with only 1 student participant.
The maximum number of issues reported was 46 for the sprint-boot project, with 3 participants.
The number of reported issues was not correlated with only the number of participants but was
also project-specific.

We implemented a qualitative analysis on these 303 build issues, utilizing the open coding pro-
cedure [75]. This procedure was executed by two of the authors. The first author coded all build
issues, drawing from error messages and solutions reported within issue reports, and identified
any borderline cases. Subsequently, the second author validated this coding and engaged in dis-
cussions about any borderline cases. In instances where conflicts arose, the first author leveraged
corresponding snapshots and collected environment information to attempt to reproduce the build
issue. Decisions were made based on the reproduced build results or the history available in the
snapshot, with the two authors discussing and reaching consensus. Additionally, two authors were
responsible for labeling the resolution state of the issues. If no solution was provided, the issue was
labeled as Unsettled. However, if either of the two authors believed that a solution or workaround
was provided, the issue was labeled as Settled.

Figure @.1|illustrates the 14 distinct symptoms of build issues identified in our study. The light-
colored bars represent unsettled build issues, while the remaining dark-colored bars denote settled

issues. Out of the total 303 issues analyzed, 182 (60.1%) remained unsettled, highlighting the
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Figure 4.1: Symptoms experienced by non-contributors.

persistent challenges faced in addressing build issues experienced by non-contributors. To better
understand the characteristics of these symptoms, we further categorized them into four broad
categories: environment, process, system, and test-related issues. By grouping the 14 symptoms
into these categories, we aim to provide a structured analysis of the underlying factors contributing
to build issues. In the following sections, we examine each category, analyzing the symptoms and
their implications for build issue resolution.

Environment-related symptoms include those related to incompatibility and missing compo-
nents, which together account for the majority (181 out of 303) of build issues. Incompatibility-
related symptoms, such as those involving build tools, dependencies (Dep.), and PL, occur when
OSS projects cannot work with necessary components. Missing-related symptoms arise when build
tools, dependencies, environment (Env.) variables (Var.), PLs, and external resources are not avail-
able in the current workspace. These two dependency-related symptoms have a high unsettled rate,
a finding that aligns with studies of contributors-experienced build issues [55,80,/82,/103]. Miss-
ing resources, common in evolving OSS systems, are challenging for non-contributors to resolve

due to the difficulty in fetching external resources. The incompatible PL has a good settlement
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rate, primarily because the error messages in selected projects are easy to identify, unlike those for
incompatible dependencies. Missing environment variables may mask other symptoms, as those
issues require specific environment variables. We observed during the coding process that many
incompatibility symptoms can be converted to other symptoms as non-contributors seek solutions.

Process-related symptoms refer to build issues caused by participants’ mistakes during key
steps of the build process. For example, “misuse command” symptom can occur when partici-
pants fail to escape special characters in command options, and “remnant conflict” symptom can
arise when participants neglect to clean up the build remnants. Resolving these issues can be com-
plex if participants are unable to correctly interpret the error messages, and the difficulty can be
compounded by the complexity of the required build process.

System-related symptoms refer to “Insufficient system (Sys.) resources (Res.)” and ‘“Permis-
sion error”’. The insufficient system resources symptom ranks among the top four symptoms, as
most of the selected OSS projects are real-world projects that require a larger amount of system
resources than our participants anticipated. Moreover, non-contributors often lack an effective ap-
proach to estimating the system resources required before they perform the build activities. This
could explain the high unsettled rate of 10 out of 22. This symptom is also common since VMs
created by our participants typically do not have many redundant system resources. For instance,
participants experienced system crashes due to disk space exhaustion, followed by failures to re-
connect to VMs. They did not realize the issue until the system resources were exhausted. Another
symptom is the “permission error”’, which is caused when underlying software requires higher per-
missions than it currently has. In our study, we found that Docker commands often need superuser
permissions. This is a common issue among OSS projects that rely on Docker [9].

Test-related symptoms refer to “Style violations” and “Test case failures”. Style violation
test failures typically occur when a project does not adhere to a certain standard. Participants can
often find a workaround to bypass this issue. However, it is important to note that the root cause
of this symptom may be due to compatibility issues. The most common symptom in our study is

the “Test case failures” symptom, which also has a high unsettled rate. This aligns with existing
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Figure 4.2: Distribution of categories on PLs.

studies [69,84]. Notably, some test failure messages are difficult to interpret, making it hard to
identify the root cause. The symptom could be the result of other underlying issues.

The distribution of these categories among the participants is as follows: “Environment” was
experienced by 29 participants (93.6%), “Process” by 2 participants (6.5%), “System” by 10 par-
ticipants (32.3%), and “Test” by 24 participants (77.4%). Figure 4.2]illustrates the distribution of
categories across different PLs. Environment and test related symptoms are present in all PLs.
In contrast, system-related symptoms are project-specific, which can be attributed to the fact that
lightweight projects do not consume significant system resources. Upon further investigation of
process-related symptoms, we observed that a participant encountered both “Misuse command”
and “Remnant conflict” issues in a Spring Boot project. Despite its infrequent occurrence among
the issues observed, the “Remnant conflict” issue was identified in two projects, one written in
Java and the other in C++.

Compared to the study by Lou et al. [55]], our study on the symptoms of build issues shows that
non-contributors still frequently experience the same symptoms as contributors. However, these
are mostly limited to issues caused by a lack of installation, version incompatibility errors, and en-

vironment variable issues. We also observed additional symptoms not covered by previous studies
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that are related to participants’ actions, such as “Command misuse” and “remnant conflicts”. As
the 39.9% settlement rate shows, participants found it difficult to mitigate most of these frequent
symptoms as well as identify the root causes of build issues. The strategies for resolving these
build issues tend to be more straightforward due to the non-contributors’ lack of specific project
knowledge and experience. This limitation can make them more susceptible to encountering cer-

tain build issues.
4.5 Discussion and Future Work

Although containerization holds promise for addressing certain build issues, the lack of accessible
container environments in non-contributors’ local systems presented a challenge for many OSS
projects, including most of those in our study. A threat to the validity of the findings is the subjec-
tivity involved in determining whether a build issue is trivial. This judgment depends on several
factors, including the individual’s level of knowledge and local systems. Our future research will
involve more participants and focus on a specific scope to explore the correlation between various
factors and our findings. Additionally, we observed inconsistencies in reporting, such as misinter-
preted test results and misaligned snapshots. Therefore, incorporating more monitoring measures

into the process could significantly mitigate these potential threats.
4.6 Conclusion

This chapter investigates 303 build issues experienced by 31 non-contributors. We found that
non-contributors often struggle to resolve issues due to limited symptoms. Our study provides
valuable insights into build issue resolution from the perspective of non-contributors, highlighting
the importance of understanding their behavior and challenges. This work lays the foundation for
further research in this area, with the ultimate goal of improving the experience of non-contributors

in dealing build issues

I'This work is supported in part by NSF projects 1736209 and 1846467.
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CHAPTER 5: AN EXPLORATORY STUDY ON BUILD ISSUE

RESOLUTION AMONG COMPUTER SCIENCE STUDENTS

5.1 Introduction

It is highly beneficial to integrate open-source software (OSS) projects into a software engineering
(SE) curriculum for three reasons. First, OSS exposes students to real-world software development
practices. By inspecting the software evolution and reading developers’ discussions on technical
issues, students can improve their understanding of industrial challenges and become better pre-
pared for careers in the software industry [32]. Second, OSS offers opportunities for students to
gain hands-on experience when they use and modify the software based on local needs and pref-
erences [49], collaborate with a global community of developers, and adopt project management
tools like version control as well as issue tracking. Third, the educational usage of OSS bridges
the gap between theoretical knowledge and practical application, enabling students to see how
theoretical knowledge is applied in real life [68] and to solve real problems with book knowledge.

While the integration of OSS projects into SE curriculum brings great opportunities, it also
poses challenges to Computer Science (CS) education. One big challenge is that students often
fail to build the provided OSS on their local machines. Build failures can be very detrimental to
students’ learning outcomes. This is because as students encountered build failures at the beginning
of OSS-based class activities, they might spend tremendous time and effort trying to resolve those
issues and neglect teachers’ further instructions on designated tasks. As a result, they might lose
the valuable opportunities to read, modify, or execute the same software as other students do and
become unavailable to collaborate with other students.

In the research area of CS education, educators and researchers proposed various ways of inte-
grating OSS into CS curriculum [26}32,149, 62, 68|, discussed the benefits and challenges brought
by the OSS-integration into courses [74], and measured students’ contributions to OSS [30]. In

particular, Salerno et al. [[74] conducted a large-scale study on the impact of OSS-based courses,
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revealing that 83% of the students faced technical challenges while contributing to OSS projects.
While only 2% of students anticipated hurdles in setting up the local environment, a notable 9%
of students eventually reported facing such issues. This discrepancy suggests that students tend to
underestimate the challenge of addressing build issues. None of the existing work characterizes the
build issues CS students frequently encounter in OSS-based courses, let alone suggest intervention
to help address those issues.

In the research area of build issues, some researchers conducted user studies to explore the
influencing factors (e.g., tool usage) for software build results [29,40L147,51,67,83]]. Other re-
searchers examined relevant artifacts (e.g., build logs and bug fixes) to characterize various aspects
of software build, including developers’ efforts in resolving build issues [58,|59], root causes for
build failures [[16,92,93]], and fixes [S55,/100]. However, these studies are only vaguely related to
the build issues faced by CS students for two reasons. First, prior work studied build issues from
the perspective of developers or project managers who owned the software-to-build, rather than
from the perspective of CS students who are new to the software-to-build. Second, prior studies
were based on either self-retrospection or artifacts of experienced software practitioners, instead
of based on the experience of CS students in class. Thus, many of the research findings by prior
work are unlikely to find evidence in the build issues faced by students.

In Chapter ] we conducted a pilot study to investigate the symptoms and causes of build issues
experienced by non-contributors (e.g., users, learners, and potential contributors). The findings
highlight specific build issues that are challenging to resolve and emphasize the need for further
study to understand non-contributors’ behavior.

To overcome the limitations of prior work, in this chapter, we introduce an exploratory study
to investigate the build issues faced and resolved by CS students. The study has two phases, which
tracked the behaviors of 55 CS students as they undertook 330 OSS build tasks in an advanced
SE course. In Phase I, each student of the course in 2022 was assigned six build tasks. Phase
I collected and analyzed the 198 build results from 33 students to characterize the symptoms of

build issues, the students’ resolution attempts, and the effectiveness of those attempts. Phase II
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introduced an intervention to help students build software. Namely, the intervention emphasized
providing additional key information sources, so that students can refer to them initially when
completing build tasks. As with Phase I, Phase II assigned each student of the course in 2023 with
six build tasks. By gathering and analyzing the 132 build results of 22 students, Phase II compared
students’ results with those from Phase I, to assess the intervention effectiveness.

This work makes the following major contributions:

* We presented a comprehensive analysis of the build issues encountered by 55 CS students,

offering insights into the common challenges faced during students’ OSS builds.

* QOur study revealed the resolution strategies frequently applied by students, although some

of these strategies often led to build issues that are challenging to resolve.

* We introduced an intervention method (i.e., providing key information sources initially to
bridge the knowledge gap), which demonstrated effectiveness in helping students better build

OSS.

* QOur study offers practical recommendations for various stakeholders in the OSS and CS
education communities, aiming to enhance the overall experience of integrating OSS into

the SE curriculum.

5.2 Methodology

Our exploratory study was designed and executed in two distinct phases to comprehensively under-
stand build issue resolution among CS students. Each phase had a unique objective and contributed

valuable insights to the overall study.
5.2.1 Resolution Strategy Study

The initial phase of our study is the resolution strategies study, focused on understanding the
symptoms of unresolved build issues and analyzing strategies that CS students have employed

to successfully address them. We collected data from 33 CS students across 4 OSS projects and 2
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programming languages (PL) in the 2022 software testing class. We evaluated the effectiveness of
these strategies and their limitations. In addition, we explored the impact of prior experience on
the build success rate. This phase provided us with a deeper understanding of students’ resolution

strategies. RQ1-5 will be answered in this phase.

* RQ1: As learners of OSS, are students able to accurately interpret the build issues that block

build tasks?
* RQ2: How often do build tasks end with unresolved issues?

* RQ3: What are the common symptoms of unresolved build issues, and to what degree can

they be mitigated?

* RQ4: What strategies have students employed to successfully address these unresolved build

issues, and are these strategies effective?

* RQS: Are there any prior experiences that may correlate with students’ ability to resolve

build issues?

5.2.2 Intervention Study

Phase II is the intervention study. The insights gathered from the preceding phase guided the
development of intervention, which were aimed at enhancing the success rate of CS students on
build tasks with proactive measures. The intervention was performed on 22 CS students registered
for the same course in 2023. We assessed the impact of the intervention on the success rate and

collected feedback to identify any potential mismatches. RQ6 will be answered in this phase.

* RQ6: Given the resolution strategies employed by students, what proactive measures can

we introduce to effectively enhance their performance in resolving build issues?

5.2.3 Participants and Tasks

Our participants were all CS students registered in the Software Testing course in 2022 (n = 33)

and 2023 (n = 22). This course is a cross-listed elective for senior-year undergraduates and
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graduate students, with Software Engineering as a prerequisite. The course, taught by two of the
authors at a U.S. university, focuses on software testing approaches, test planning, test case design,
and build systems with CI/CD concepts. In our study, students only need to build the released OSS
and do not need a background to modify the software.

Students were required to complete the study as one of their major course projects. We designed

a three-stage task list to help participants become familiar with the study process:

1. Setup: Participants were instructed to use the Google Cloud Platform (GCP) online con-
sole to set up a GCP project with $50 education credits and enabled APIs for creating VMs.
Then, custom images were shared with participants on GCP. Additionally, we obtained ad-

min permission to access participants’ GCP projects for further data collection.

2. Warm-up: Participants were instructed to use the warm-up custom image to create a VM
instance. They then performed warm-up build activities in the VM, such as executing a
“Hello World” build script. Participants learned to use the preinstalled script tool to log the
VM state and then write a textual build report. They were also asked to complete a survey to

provide feedback to researchers.

3. Build OSS projects: Participants were assigned OSS projects as their build task. They used
preinstalled scripts and textual issue reports to report issues encountered while building and
executing tests of the assigned project. At the end of this stage, participants completed a

survey to share their feedback.

All these OSS projects were in the release version and had been verified by the two authors
who taught this course. The anticipated outcomes included compiling the assigned OSS projects
and passing all tests using the commands specified in the build tasks. In addition to the build
outcome, their grades would be evaluated based on their investment in completing the tasks through
monitored VMs and issue reports. As the conductors of the study, our role was to help clarify the

objectives of the build tasks. Our study protocol was assessed and approved by our local IRB. All
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Figure 5.1: Data collection framework for build tasks

students were notified that they could withdraw their data after the grading so that their data would
not be included in our dataset for our study or any subsequent research activities.

Over a span of two years, our study involved a diverse set of students in a variety of tasks.
Specifically, the participation was marked by 39 and 25 students in each phase, respectively. In
2022, we had a total of 33 participants who completed all tasks related to our resolution strategies
study. The following year, in 2023, the number stood at 22 for the intervention study. Despite the

fluctuation in participant numbers, the prerequisites and design of our course remained consistent.
5.2.4 Data Collection

We designed a framework that collects data throughout the entire build process, as illustrated in
Figure[5.1] While participants perform build activities on a custom VM and report build issues, all
terminal activities are recorded. When a build task ends, the final state of the VM is preserved as
a snapshot. The feedback survey is collected after all build tasks are completed. In Figure[5.1] we

denote active data collection with the upper yellow rounded rectangle and passive data collection
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with the lower blue rounded rectangle.

* Custom VM: In this study, we customized the official GCP OS images, which offer basic
OS setups. We incorporated a custom script at OS startup to record terminal activities and
provided a tool that logs the current state of the VM. These custom images ensure that all

participants have consistent base build environments.

* VM state logging: After encountering build issues, participants log the current VM state
using a script containing Linux commands to record command history, environment vari-
ables, and network information. This logging process, integral to the issue reporting, helps
match logged data with reported issues. Additionally, participants log the final VM state
upon completing the build tasks. All logs are saved in VMs for later retrieval, aiding in issue

diagnosis and reproduction.

* Terminal recording: We opted for terminal recording as it captures all terminal activities,
making the collected data easier to analyze. Using the script command in Linux [46], we
integrated terminal recording into the VM’s startup process. Once participants connect to
the VM via SSH, the recording begins, capturing all screen outputs and keyboard inputs,
including activities like file editing. While terminal recording lacks the ability to extract
executable commands from inputs, it offers automated and comprehensive data collection
without requiring manual initiation by participants. Despite this limitation, terminal record-
ing facilitated playback and review of the entire build process, aiding in the analysis and

reproduction of encountered build issues.

* Snapshots of VMs: In addition to terminal recording, another option for collecting VM data
is taking snapshots. A snapshot captures the entire VM at a specific moment, including files,
settings, and configurations. While useful for troubleshooting and reproducing issues, snap-
shots lack playback functionality and erase temporary environment variables. To address
cost and practical concerns, we decided to utilize an automated script to capture snapshots

only upon the build tasks reaching the final state, whether it be success or failure.
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* Build issue report: Throughout the completion of all tasks, participants were directed to uti-
lize the build issue report to document encountered issues during the build process, including
inputs, outputs, and the solutions employed for resolution. Additionally, participants docu-
mented additional details of the build environment, such as program language versions and
utilized tools. Upon completion of the build, participants summarized the entire process and
provided their thoughts. The build issue report offers valuable insights into their decision-

making and problem-solving strategies.

* Feedback Survey: After completing the build process and documenting the encountered
issues and their corresponding solutions, we conducted a feedback survey to gather insights
from participants. This survey focused on human factors affecting the build process, such as
participants’ familiarity with the PL, build system, and OS. Additionally, we collected self-
reported build outcomes (success or failure). Insights collected from the comment section,
which included obstacles and reflections, further aided in uncovering the challenges faced

by participants during the build process.

After screening out participants who did not complete all tasks, we collected the following data

for each phase:

1. Resolution Strategies Study: A total of 198 build results with snapshots containing terminal
recordings and log files for the entire build process. In addition to 33 textual build issue

reports with feedback surveys.

2. Intervention Study: A total of 132 build results with snapshots containing terminal record-
ings and log files for the entire build process and 22 textual build issue reports along with

feedback surveys.
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5.2.5 Qualitative and Quantitative Data Analysis

Resolution Strategies Study

To address RQ1-2, the first author manually verified the build outcomes reported by participants,
cross-referencing them with terminal recordings, command histories, and environment information
extracted from snapshots. If a build issue occurred that prevented participants from completing the
build task, the error message was extracted, and it was labeled as unresolved. Subsequently, all
snapshots from the final state VM were converted into running VMs to reproduce the collected
error messages. This was done using an automatic script, with necessary adjustments made for
specific build issues. If there was an identified inconsistency in reporting, we refined the error
message and resolution state. If a build issue could not be reproduced, the original error message
was retained. The last author validated the verified build outcomes and the extracted error mes-
sages. If there were any conflicts, a discussion was initiated until a consensus was reached. To
address RQ3-4, two authors initially followed the open coding procedure [75] to label unresolved
build issues with their root symptoms. These root symptoms were identified by examining the en-
tire build process, which was based on terminal recordings and command histories. If any conflicts
arose, further verification was performed on a running VM created from the snapshot, and a discus-
sion was initiated until a consensus was reached. Next, based on the error messages, two authors
counted the number of resolved build issues across all successful build tasks. We only include
issues in successful build tasks to eliminate the uncertainty associated with chained failures, where
a new failure might mask an old one. In addition, two authors identified common approaches that
resolved these issues. To address RQS, we first mapped the answers from the 5-point Likert scale
of familiarity questions to an ordinal scale, ranging from 1 to 5 (with 1 representing “Not familiar
at all” and 5 representing “Extremely familiar””). We then converted the build outcomes to a binary
scale (1 for success, 0 for failure). Following this, we calculated the Spearman’s rank correlation
coefficient to investigate any potential relationship between prior experiences and build outcomes.

The significance of the relationship was interpreted with the p-value.
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Table 5.1: OSS projects in resolution strategies study

Project Version PL  Build Sys. Repository

Guava 31.1 Java Maven google/guava
Spring Boot 2.6.12  Java Gradle spring-boot

OpenCV 4.6.0 C++ Cmake opencv/opencv
Bitcoin 23 C++ Autotools  bitcoin/bitcoin

Intervention Study

To address RQ6, we performed the same verification process as in the resolution strategies study to
obtain the verified build outcomes for the intervention study. We compared the build success rates
before and after the intervention, and used the Chi-squared test (x?) to determine if the two rates
were significantly different. Furthermore, aside with a self-reported 5-point scale for helpfulness
(ranging from 1-5, with an option for “not applicable”), we investigated the barriers mentioned in

textual feedback survey during the intervention study to identify the impact of intervention.

5.3 Resolution Strategies Study

To answer RQ 1-5, we conducted a study on resolution strategies in 2022 and analyzed 198 fully
monitored build results from 33 participants.

In a background survey conducted in 2022, we found that the top four PLs our participants were
familiar with are Java (100%), Python (92.3%), C/C++ (76.9%), and JavaScript (64.1%). Given
that Java was the default PL for other course projects and considering that C++ requires extra
compilation during the build process, we selected Java and C++ as our target PLs. We selected
OSS projects from GitHub [6]. After filtering out projects that were tutorials, involved mixed PLs,
or were not in English, we chose the most popular projects for two different build systems for each
PL. This resulted in four OSS projects, as shown in Table We believe that the build processes
and challenges of the most popular OSS projects on GitHub can be largely generalized to other

projects using the same PL and build system. As the study by Lou et al. [55]] observed the impact
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of different OS on build issue resolution, we further selected three Linux distributions (Ubuntu
22.04 LTS, CentOS Stream 9, and openSUSE Leap 15.4) based on their popularity. We verified
all projects on each OS to ensure they were ready to build and excluded some time-consuming test
cases to match the computing resources available to participants.

We randomly divided the participants into two groups. The group, which worked on the Guava-
Java and OpenCV-C++ projects, ended up with 14 participants. The other group, which worked on
the Spring Boot-Java and Bitcoin-C++ projects, concluded with 19 participants. All participants
began with the Java projects and then proceeded to complete the C++ projects. The project guide-
lines for the Java and C++ projects are identical, with the exception that we included an estimated
build time and machine types for the C++ projects. Despite having trained the participants on
the configuration of VMs on GCP, we still observed that some participants working on the Spring
Boot project complained about the long build time due to incorrectly assigning system resources
to VMs. Considering that this situation could have a significant negative impact on the completion
of the future tasks, we added a recommended configuration for system resources to address the

insufficient system resource issues for the C++ projects.

5.3.1 Aslearners of OSS, are students able to accurately interpret the build issues that block

build tasks? (RQ1)

We manually verified the 198 build outcomes reported by 33 participants using the approach men-

tioned in Section [5.2.5] We observed the following inconsistencies in reporting:

1. Misinterpretation of build results (31 out of 198): Participants misinterpreted the failed build

results as successful. This was extensively observed in OpenCV (24, 57.1%).

2. Incorrect build command (1 out of 198): A wrong build command was used, resulting in a

partial build outcome.
3. Silent failure (2 out of 198): Some test cases were not executed due to a silent crash.

In total, 34 out of 198 build outcomes were misinterpreted, resulting in a misinterpretation rate of
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Table 5.2: Success rate of verified build outcomes

Ubuntu CentOS openSUSE | 3 OS
Guava - 14 92.9% 100.0% 92.9% | 95.2%
Spring Boot - 19 | 26.3%  15.8% 10.5% | 17.5%
Java - 33 545%  51.5% 45.5% | 50.5%
OpenCV - 14 357%  35.7% 35.7% | 35.7%
Bitcoin - 19 68.4%  63.2% 0.0% | 43.9%
C++-33 54.5%  51.5% 15.2% | 40.4%
Java& C++-66 | 54.5% 51.5% 30.3% | 45.5%

17.2%. We believe this observation occurred due to two main reasons. Firstly, the OpenCV project
required non-standard environment variables to pass all the test cases. As participants noted that
the failed test cases were only a small portion of the passed test cases, they tended to believe it was
a successful build. This could pose a serious problem if the missing tests were to catch potential
defects in the software. Secondly, students lacked the background knowledge to fully interpret the
build results since they had never seen a successful build of the new project before. They tended

to scan the keywords in the build log, which led to the ignoring of silent failures.
5.3.2 How often do build tasks end with unresolved issues? (RQ2)

Table presents the success rate of build outcomes verified with the correction of inconsistent
reporting. Spring Boot has the lowest success rate among the four PLs because it suffered signif-
icantly from insufficient system resources. OpenCV has the second-lowest success rate, mainly
because most participants neglect a non-standard environment variable. openSUSE is not a popu-
lar OS in the documentation of our OSS projects, which leads to the lowest success rate of 30.3%.
The overall success rate is 45.5%, indicating that more than half of the build tasks are blocked by

unresolved issues.
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Figure 5.2: Root symptoms from resolution strategies study
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5.3.3 What are the common symptoms of unresolved build issues, and to what degree can

they be mitigated? (RQ3)

In unresolved build issues, we identified 18 unique errors, as detailed in Table @ Furthermore,
we analyzed the resolved build issues that contain these 18 unique errors in successful build out-
comes. In Table |5L5|, “#UR” represents the number of unresolved issues, while “#R” denotes the
number of resolved issues related to the 18 unique errors. Figure [5.2]and Table[5.3]illustrate these
root symptoms, which can be categorized by Environment-Related (Incompatible ... and Miss-
ing ...), Process-Related (Misuse command), System-Related (Insufficient system resources), and
Test-Related (Style violation and Test case failure).

The number of unresolved incompatible and missing issues indicates that environment-related
issues constitute a significant portion of the failed build tasks. The build issues from the OpenCV
project, which lacked a non-standard environment variable, contributed to the Missing environment
variable. Participants who built the Spring Boot project encountered a severe Insufficient system

resources. Many participants made mistakes by forgetting to configure the Makefile, leading to
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Misuse command.

We observed that the symptoms were not uniformly distributed. Consequently, students often
encountered difficulties in resolving build issues caused by these recurring symptoms. Compared
to the study by Lou et al. [S5]], our study shows that students still frequently experience the same
symptoms as developers. However, these are mostly limited to issues caused by a lack of installa-
tion, version incompatibility errors, and environment variable issues. We also observed additional
symptoms not covered by previous studies that are related to students’ actions, such as Misuse

command and Insufficient system resources.

Table 5.3: Errors, symptoms and resolutions

Project Symptom Error & Description #UR #R Resolution

Guava Insufficient Sys. Res. El: Failed to execute goal org.apache.maven.plugins: 2 0
maven-surefire-plugin:2.7.2:test (default-test) on project
guava-testlib : There are test failures

Spring-Boot  Insufficient Sys. Res. E2: Gradle build daemon disappeared unexpectedly (it 4 1 Retry with incremental compilation
may have been killed or may have crashed)
E3: Build is slow 7 0
E4: Build crash 10 2 Retry with incremental compilation

Incompatible PL (Java)  ES: Execution failed for task ’:spring-boot-project: 4 1 Use JDK instead of JRE
spring-boot:compileKotlin’
E6: Execution failed for task ’:spring-boot-project: 11 0
spring-boot:javadoc’

E7: Execution failed for task *:buildSrc:test’ 1 0
E8: Execution failed for task ’:spring-boot-project: 1 0
spring-boot:test’. 4 test failures
Missing PL (Java) E9: ERROR: JAVA_HOME is not set and no ’java’ com- 2 7 Install Java
mand could be found in your PATH
Style violation E10: Execution failed for task ’:checkstyleNohttp’ 5
Test case failures (Flaky) E11: Execution failed for task ’:spring-boot-project: 2
spring-boot:test’. flaky test cases
OpenCV Missing Env. Var. E12: 7 FAILED TESTS 27 12 Set up OPENCV_TEST_DATA_PATH
Bitcoin Insufficient Sys. Res. E3: Build is slow 3 1 Wait patiently
E4: Build crash 1 1 Build in background
Missing  build  tool EI13: make: command not found 5 5  Install Make
(Make)
Misuse command (no El4: make: *** No rule to make target ’check’. Stop 9 19  Configure Makefile
configure)
Missing Dep. E15: Libtool library used but 'LIBTOOL’ is undefined 1 11 Install Libtool library
E16: configure: error: C++ compiler cannot create exe- 3 8  Install build-essential
cutables
Incompatible Dep. E17: Segmentation fault 1

Incompatible PL (G++) EI8: configure: error: cannot figure out how to use 9
std::filesystem
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5.3.4 What strategies have students employed to successfully address these unresolved build

issues, and are these strategies effective? (RQ4)

Based on the resolved build issues related to the unresolved build issues (observed in RQ3), we
studied the resolutions employed by students and summarized them into two strategies: Brute
Force and Ad Hoc, which seem not very effective as the overall resolution rate (%) is
38.6%.

Brute Force: This strategy has been applied to most instances of the Insufficient system re-
sources build issue. Benefiting from the incremental compilation feature of Gradle in the Spring
Boot project, a few participants who encountered system-related build issues were able to over-
come low resource issues. However, for most participants who suffered low resource issues, this
strategy tended to fail. Our observations indicate that most participants were overly focused on
this strategy, and the failure of each retry led to a tremendous sense of frustration.

Ad Hoc: Most participants applied the Ad Hoc strategy, which tended to be effective for miss-
ing-related symptoms. Participants simply needed to install the component that was reported as
missing in the error message. However, for non-obvious symptoms, such as the missing environ-
ment variable symptom, it was easy for participants to overlook potential failures, not to mention
the incompatibility issues. This strategy may further increase the incidence rate of encountering
trap issues.

We further observed that some build issues, referred to as trap issues, can be the root cause of
the low effectiveness of students’ strategies. Based on the two common strategies, we identified
several issues that tend to lead to a failed build for students. For instance, the issues with E5 can
be resolved by changing the Java Runtime Environment (JRE) to the Java Development Kit (JDK),
as indicated in the detailed error message “Make sure Kotlin compilation is running on a JDK, not
JRE.”. However, changing from JRE to JDK is more complex than installing JDK initially. Even
with this explicit error message, other participants were still unable to resolve the issue. Another
significant example is the issue associated with E10. In this scenario, participants downloaded

the JDK package directly into the root directory of the Spring Boot project. This action led the
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Checkstyle tool to inadvertently verify the JDK package, which ultimately resulted in the test
crashing.

In essence, trap issues are build issues that contradict students’ intuition. Consequently, build
issues with a low resolution rate are considered frap issues. Predicting trap issues without sufficient
information can be challenging. In this study, the incompatible issues and style violation issues can
be identified as trap issues since most of them have a low resolution rate. The official documents
of OSS usually don’t contain recommended system resource information for builds. Therefore,
the insufficient system resources build issue can be identified as a trap issue for students. Neither
brute force nor ad hoc strategies can effectively resolve these trap issues, turning students’ build

activities into a game of chance.

5.3.5 Are there any prior experiences that may correlate with students’ ability to resolve

build issues? (RQS5)

Figure presents the distribution of familiarity, ranging from 1 to 5 (with 1 representing “Not
familiar at all” and 5 representing “Extremely familiar”). Most participants are more familiar with
Java and Ubuntu than with other PLs and OSs. We calculated the Spearman’s rank correlation
coefficient between each type of familiarity and the build outcomes. Figure presents the coef-
ficients, where “F_" denotes familiarity and “B_" denotes build outcome.

Most prior experiences have a very weak correlation with build outcomes. However, the prior
experience with C++ and the build outcome of OpenCV have a moderate negative correlation (-
0.55, p-value<0.001). We further investigated the collected data and confirm the trend: participants
who are more familiar with C++ tend to fail more often in the OpenCV project (Success rates: Not
familiar at all=66.7%, Slightly familiar=50%, Moderately familiar=0%, Very familiar=0%). Since
the majority of participants misreport their OpenCV build outcomes, a potential reason could be
that participants more familiar with C++ tend to overlook details in the official documents, which
leads to failures with E12.

The rest of the prior experiences, such as PLs, build systems, and OSs, do not show significant
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Figure 5.3: Distribution of prior experiences

correlation. As correlation does not imply causation, the impact of prior experiences on students’

ability to resolve build issues may still need further exploration.

5.4 Intervention Study

In our resolution strategies study, we observed that participants frequently fell into trap issues.
We believe this is the main reason why students were unable to resolve the build issues. We
hypothesize that preventing these trap issues could be a more effective strategy than the common
strategies currently employed by students. To test this hypothesis, we conducted an intervention
study in 2023, where we added additional references to the project guidelines for participants. To
be practical and follow most scenarios of using OSS in class, we allow students to use any external
references they can find in both phases. The official documents were already provided in the first
phase. As previously noted, the previous group that worked on the Spring Boot (Java) and Bitcoin
(C++) projects encountered a wider variety of symptoms. Therefore, for 2023 participants, we

selected Spring Boot and Bitcoin projects with the same release versions. We kept the rest of the
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Figure 5.4: Spearman’s rank correlation of prior experiences on build success
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study setup as identical as possible.

54.1

Given the resolution strategies employed by students, what proactive measures can we

introduce to effectively enhance their performance in resolving build issues? (RQ6)

The additional references provided for the intervention are as follows:

Official guide links with “how to build”’: in the 2022 study, we only provided links to
general official guides. However, in the 2023 study, we improved this by providing links

specifically to the “how to build” sections.

Example output for successful build results: the screenshots demonstrate successful build
outcomes. We also clarified the unrelated error message that appears in the CI reporting for

the Spring Boot project.

Recommended PL versions: we extract recommended PL versions from official documents

and list them explicitly.

Dependencies: information about how dependencies are required to be installed in different

build systems, with links to the dependencies sections in official documents.

JDK vs. JRE: we provide a link to the difference between JDK and JRE in Java, and remind

that the package name might be different in Linux distributions.

CheckStyle: background knowledge of the Checkstyle plugin and what it will do to a Spring

Boot project.

Recommended system resource configuration for VMs: as we mentioned in our study on
resolution strategies, the information was initially provided only for C++ projects. In this

phase, we have also extended it to Java projects. configuration

As shown in Table [5.4] the success rates for both projects were improved by intervention.

The success rates of Spring Boot and Bitcoin improved from 17.5% to 91% and 43.9% to 82%,
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Figure 5.5: Helpfulness rating for intervention (diamond markers indicates means)

respectively. These improvements are statistically significant (both p-values of the Chi-squared
test are less than 0.001).

Figure [5.5] presents the box plot of helpfulness rating from participants about intervention,
ranging from 1 to 5, with an option for “not applicable”. The example output (success output)
outperforms other references. The search engines and official guides also have similar means. The
references to PL versions and dependencies are helpful, and students also explicitly mentioned
their usefulness in the barriers section of the feedback surveys. References to “JDK vs. JRE”

and “CheckStyle”, which are not found in official documents, rated to be less helpful than others.

Table 5.4: Build outcomes with intervention

Spring Boot - Java Bitcoin - C++
Y2=642 p<.001 =176 p<.001
Success Failure Success Failure

Baseline - 57 10 (17.5%) 47 (82.5%) 25(43.9%) 32 (56.1%)
Intervention - 66 60 (91%) 6 (9%) 54 (82%) 12 (18%)




However, our observations from the feedback surveys indicate that participants did benefit from
these external references. We did not observe any Checkstyle-related issues among the unresolved
issues, and two participants explicitly stated that the barrier for them is the difference between JRE
and JDK.

For the Spring Boot project, all six unresolved issues are incompatibility issues, which are the
same as the trap issues identified in our 2022 study. One of the six unresolved issues was actually
resolved after rebooting the VM. The official OSS documents usually don’t include recommended
system resource information for builds. Since we provided the recommended system resource
configuration in this phase, none of the participants reported symptoms of insufficient system re-
sources. The intervention on this OSS project was observed to reduce both trap issues and other
build issues. However, self-reported helpfulness does not necessarily equate to actual effectiveness
for all students.

For the Bitcoin project, we observed that 1 of the 12 issues was due to low system resource.
Also, a Misuse command (no configure) issue was observed in the 12 unresolved issues. 10 of the
12 unresolved issues were related to incompatibility, 9 of which occurred in the openSUSE OS. In
the openSUSE, for the Bitcoin project, the occurrence rate of trap issues (incompatible) reduced
from 52.6% (10/19) to 40.9% (9/22), and other build issues were fully resolved after intervention.
As the recommended system resource information was provided to students in all phases of the
Bitcoin project, the intervention was observed to reduce both trap issues and other build issues,
regardless of the system resource limits.

When looking at each student individually, all the references provided are beneficial to them.
This is because every reference has been rated with a highest helpfulness score of either 4 or 3, as
shown in Figure[5.5] Most of these helpful references can be easily obtained from an OSS project
and used as proactive measures, such as well-organized official guides, recommended PL versions,
and dependencies. The success output is difficult to extract from documents but could be accessed
from the CI system or previous build logs. Identifying and presenting project-specific knowledge,

such as “JDK vs. JRE” and “CheckStyle”, to students as a proactive measure poses a challenge.
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Despite often being overlooked by document contributors, these project-specific knowledge may

still play a critical role in preventing trap issues for students.

5.5 LESSONS LEARNED

We categorize our lessons learned into five subsections based on the various stakeholders in the

OSS and CS education communities.
5.5.1 Educators

As a general finding from our study, students often face build issues when they try to build real-
world OSS projects. Therefore, educators should be aware of such challenges whenever they adopt
real-world OSS projects in their SE course projects.

As students are often unfamiliar with the OSS build scenario and lack project-specific expe-
rience, misinterpretations of build issues do occur. Section [5.3.1] reveals a 17.2% misinterpreta-
tion rate in our exploratory study, which is not negligible. A list of commonly faced build error
messages and their solutions could help students and prevent them from struggling without under-
standing the root causes. Furthermore, if educators rely on students’ self-reported evaluations to
design or adjust SE courses related to OSS builds, additional clarification or deeper investigation
should be performed to address this mismatch.

The educational use of OSS in CS courses allows students to work with real-world projects,
making it an important aspect of the SE curriculum. However, as Section[5.3.2 shows, build issues
can pose significant barriers to the successful integration of OSS in course projects. Students’
strategies for resolving build issues can be vulnerable, and they often fall into trap issues, which
require significant time and effort to resolve. Therefore, educators should select reliable OSS
projects, identify trap issues early, and implement proactive measures to mitigate the difficulties
associated with the OSS projects build.

In the meantime, Section [5.4.1]shows that there might not be a silver bullet for proactive mea-

sures, so continuing to develop these measures could be a more viable approach. Additionally,
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Section reveals that prior experiences may not apply to builds. If OSS builds tend to be
project-specific, gathering project-specific experiences from student feedback or key information
from extensive OSS documents could provide better assistance to students than relying solely on

their expertise and background.
5.5.2 Researchers

Build issues often arise while students work on OSS projects, presenting both a challenge and a
research opportunity. Section [5.3.3] shows that these build issues are not only similar to a subset
of developers’ build issues but can also be unique from a student’s perspective, warranting deeper
exploration across a wider range of OSS subjects. Identifying trap issues is essential for addressing
build issues. However, in cases where students have limited information, such as when they are
working on an OSS project newly integrated into a CS course, it may be difficult for them to iden-
tify these issues. Future research could focus on developing more precise and effective methods
for identifying trap issues so that students can avoid them and educators can prepare guidance on
how to bypass them. Additionally, exploring the impact of prior experiences on build processes,
as indicated by Section [5.3.5] could be another area for future research. Collecting a more refined
dataset and involving a larger group of students may yield different results. Proactive measures
have been proven effective in reducing build issues, but not all measures can be easily created
without project-specific knowledge or key information. Therefore, research focused on extracting
information for proactive measures is worth exploring.

According to Section [5.3.1] inconsistencies in students’ self-reported build issues cannot be
ignored. To avoid these threats, it is more effective to monitor the process in real-time rather than

reproduce it later. While verifying the reported data can be time-consuming, it may be necessary.
5.5.3 Students

As students engage in OSS build activities, they take on the role of learners. To avoid common

pitfalls, several pieces of advice can be beneficial. Previous experiences with PLs or build systems
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may not be relevant to the current OSS project. Therefore, it is important to rely on the key infor-
mation from OSS documentation. Students should be encouraged to try different strategies, such
as resetting the build environments, even if they are not comfortable with them. Intuitive strategies
might lead to deeper issues. Sometimes, students need to think outside the box, as some issues
may be caused by external resources or even flaky tests. Recognizing their own inexperience is
crucial, which includes accepting the possibility of misinterpretation and a lack of project-specific
knowledge. This means that students may need additional support while building OSS, even if they
appear confident in related areas. If possible, using a popular OS can improve the build success
rate.

Students’ experiences of build failure can be valuable if reported to educators or OSS contrib-

utors, as this feedback can help create proactive measures for future students.

5.5.4 OSS contributors

OSS contributors should recognize the increasingly significant role that OSS plays in CS educa-
tion, which also facilitates students’ participation in OSS projects. Given that students may not
have the required knowledge, particularly about OSS projects builds, mutual understanding of dif-
ferent roles within the OSS community is critical. Adding some external references, even if they
pertain to basic background knowledge, can be helpful for learners. Not only are project-specific
experiences valuable for other roles, but well-organized documentation and public build informa-
tion are also crucial. Our study finds that error logs from the compiler or build systems are often
too general to be useful and can sometimes be misleading. OSS contributors should consider sup-
plementing them with more project-specific information to avoid misinterpretations. Build error
messages are also sometimes hidden due to the complicated build process (e.g., the compilation
process was called by a script but the log was not preserved or passed to the caller process). So
build scripts need to be designed and tested more carefully to explicitly show error messages.

The project-specific experiences of OSS contributors can lead to the development of proactive

measures that ultimately benefit OSS itself. Understanding students’ needs can help them become
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potential contributors in the future.
5.5.5 Generative AI

As generative Als became increasingly popular in 2023, we noted that using Al services may im-
pact our intervention study compared with common external references found by search engines.
We did not limit students’ use of any external references in both phases to be practical. Figure [5.5]
shows that students rated generative Als as the least helpful (lowest mean). To understand the
reason behind this observation, we further case-studied the Al services by querying some error
messages on ChatGPT 3.5 and 4 [65] in February 2024. The results of the case study align with
the students’ feedback. For example, we tested the error “Execution failed for task :spring-boot-
project:spring-boot-tools:spring-boot-antlib:javadoc.” ChatGPT 3.5 gave 10 solutions, but only
one of them mentioned the real root cause (JDK compatibility). ChatGPT 4 gave 3 unrelated solu-
tions. The reason could be that Al services need key information to provide accurate suggestions in
build issue resolution scenarios, but students may lack the experience to extract such information as
input to Al services. Therefore, the answers from Als were often overly general for students to find
them helpful, because (1) so many different solutions may make students confused about which
direction they should move to, and (2) the solutions are high level and do not include concrete
actionable steps for the students to follow. In this OSS build scenario, future work may include

adding more context to generative Als, such as providing additional references to generative Als.

5.6 Threats to Validity
5.6.1 Internal Validity

The major threat to the internal validity of our study is the reliance on self-reported data and manual
verification processes. There may be errors in the process of data recording and analysis. To reduce
this threat, we introduced a conflict resolution procedure and followed the open coding [75]. In
addition, we leverage multiple information channels (e.g., reports, screenshots, command logs, and

terminal recordings) for data recording and cross-validate the data among these channels.
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Our study involving students who are one year apart can introduce a threat to internal validity.
To mitigate this threat, we ensure that the curriculum and teaching methods remain consistent
across the years to minimize differences in educational content. We use the same version of OSS
projects and task setup and employ quantitative methods to analyze the overall build success rate.
By collecting feedback from students, we aim to identify and address any potential issues that
could affect the validity of our findings.

To ensure practicality, we permitted students to use external references, such as search engines,
which may introduce threats to our study. Additionally, we did not track the usage of system
resources, and providing a recommended system resource configuration to reduce the impact of
build issues on low system resources could potentially weaken our findings. To mitigate these
threats, we diligently analyze the collected data and investigate the details of each build issue in

conjunction with our findings.

5.6.2 External Validity

The major threat to the external validity of our study is that our findings may not be generalizable
to other students and OSS projects. To reduce this threat, we use popular OSS on GitHub [6]
in different PLs, different build systems, and three OS variants to increase their representative-
ness. Given the exploratory nature of our study, our findings may not be generalizable to other
institutions and courses that have different characteristics, such as varying enrollment capacities
and diverse student demographics. Future research should consider these factors to enhance the

applicability of the results across different educational settings.

5.7 Related Work

Our study is related to existing research efforts on the educational use of OSS projects, user studies
of software build, empirical studies of build issues from the developer’s perspective, and studies of
novice programmers. We will discuss related works in each category in the following subsections.

Educational Use of OSS Projects in CS Courses The integration of open-source software
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(OSS) projects into computer science (CS) education has been widely explored. Nascimento et
al. [62] reviewed how OSS projects facilitate software engineering (SE) learning. Choi et al. [26]]
proposed models for integrating OSS into lower-level CS courses. Fang et al. [30] compared
student contributions to general OSS projects and those aimed at social good, offering insights into
educational interventions. Salerno et al. [74] examined the impact of OSS development courses on
students’ self-efficacy and the barriers they face. These studies collectively underscore the value
of OSS projects in CS education, highlighting both the challenges and the potential for enhancing
student learning and engagement. Unlike previous studies, our research specifically focuses on the
build challenges encountered during the educational use of OSS projects in CS courses.

User Studies of Software Build. The most relevant research to ours involves user studies
on software build tasks. Kwan et al. [50] examined IBM developers to see if team composition
and coordination affect build success. Dawns et al. [29] evaluated a build management tool’s
impact on handling build failures. Philips et al. [67]] studied Microsoft build teams, finding social
challenges were significant. Kerzazi et al. [47] analyzed 3,214 builds, noting a 17.9% failure rate
and significant time costs. Hilton et al. [40]] interviewed developers about continuous integration
(CI) processes. Vassallo et al. [83] assessed a tool for summarizing build failures. Due to the
challenges of performing such user studies, we can also see that there are not many existing studies,
and all the studies have relatively small scales. Different from our research, all these studies
are from the perspective of project managers or senior developers instead of CS students (OSS
learners).

Empirical Studies on Build Issue Besides user studies, there have been many empirical stud-
ies on software build history and failures. MclIntosh et al. [58]] studied version histories to estimate
the effort required to revise and repair build scripts. Later, they correlated this effort with the type
of build systems used [59]]. Xia et al. [93]] summarized the characteristics of bugs in build systems.
Zhao et al. [100] found that build failures, though typically of lower severity, take more time to
fix. Xia and Li [93]] investigated the feasibility of predicting build failures using the TravisTorrent

dataset [[17]]. Shridhar et al. [[77] qualitatively analyzed changes in build scripts. Barrak et al. [16]
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studied the correlation between build failures and code smells. Lou et al. [55]] identified patterns
in build fixes. Zolfagharinia et al. [102] found different distributions of build failures across en-
vironments. Licker and Rice [53]] used mutation testing to detect incorrect rules in build scripts.
Wu et al. [92] studied build failures in Docker environments. These existing studies focus on build
failure logs and build failure fixes in the commit history. In contrast, our study monitors and ana-
lyzes the whole process of CS students finishing multiple building tasks and records all the system
environment factors that affect the build process failures.

Studies of Novice Programmers Another research area related to our research is user studies
of novice programmers. Lahtinen et al. [52] surveyed over 500 students and teachers in computer-
related majors to identify challenges faced by novice developers. Warner et al. [88] evaluated
CodePilot with eight novice developers to assess its usability and educational benefits. Marques
et al. [56] monitored students over nine semesters to see if reflexive weekly monitoring aids in
completing course projects and improving coding skills. Ardimento et al. [15]] analyzed 40 novice
developers’ IDE usage patterns across five tasks. Romano et al. [73]] examined 29 novice devel-
opers to determine the impact of test-driven development on positive affective states. Rehman
et al. [70] reviewed 208 novice contributions on GitHub to identify common contribution types.
Oliveira et al. [[64] compared novice and experienced developers to study code smells. Compared

with these studies, our work focuses on the software build process instead of general programming.

5.8 Conclusion

We present a dual-phase exploratory study involving 55 CS students, which includes a resolution
strategies phase and an intervention phase. The aim is to gain a comprehensive understanding of
build issue resolution among CS students. We investigate the reported build issues and the strate-
gies students use to resolve them. Due to students’ lack of background knowledge and project-
specific experience, their intuitive strategies tend to be straightforward. This limitation can make
them more susceptible to certain build issues that are hard to resolve. Proactively preventing these

potential trap issues can significantly improve the success rate of their build outcomes, thereby
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enhancing the OSS learning experience in the SE course. This work highlights directions for fur-
ther research in this area that could benefit various stakeholders in the OSS and CS education

communities.

5.9 Data Availability

The dataset for this study is available on Zenodo (https://doi.org/10.5281/zenodo.14885822). Due

to local IRB restrictions, some sensitive data may not be publicly accessible.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS

6.1 Dissertation Summary

Software environments are essential to modern software development, providing the necessary
tools and frameworks to boost productivity, reduce costs, and improve software quality. Ensuring
consistency across various environments is crucial for maintaining reliable and efficient builds,
tests, and executions. However, managing consistency across software environments is a well-
recognized challenge. Despite existing approaches aiming to make environments more repro-
ducible and consistent, environment-related issues are still frequently encountered, especially by
those facing additional restrictions or lacking domain knowledge.

Firstly, we focused on reporting cross-project failures (CPFs) while developers face constraints
in sharing their environment. We addressed the research problem of extracting failures along with
their execution environment by creating PExReport, a novel framework designed to extract both
code and build dependencies and generate pruned executable CPF reports. PExReport automates
the generation of stand-alone executable CPF reports by leveraging build systems to prune source
code and dependencies. It analyzes the build process to create a pruned environment that accurately
reproduces CPFs. We demonstrated PExReport within the Maven build system as PExReport-
Maven, which can create concise CPF reproduction packages by trimming down source code,
dependencies, and the Maven build environment. Our evaluation shows that PExReport-Maven
successfully reproduced 184 out of 198 CPFs with exact failure types and messages, achieving a
high reproduction rate of 92.93%. The average reduction rate is 55.37% for required source classes.
It also outperformed in handling internal classes, source + internal classes, build configurations,
and resources, with reduction rates of 75.94%, 72.97%, 82.96%, and 74.18%, respectively.

Secondly, we focused on addressing inconsistencies in the build environment from the per-
spective of non-contributors. Our pilot study explored how non-contributors (Computer Science
students) handle build issues in open-source software (OSS) by collecting data from command his-

tory logs, environment variables, network information, and snapshots of virtual machine states. We
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found that non-contributors often struggle with certain types of build issues. Furthermore, we con-
ducted a dual-phase study involving 330 build tasks among 55 CS students. Phase I characterized
the build issues students faced, their resolution attempts, and the effectiveness of those attempts,
revealing that intuitive resolution strategies often led to “trap” issues, which are especially difficult
to resolve. In Phase II, an intervention successfully improved the build success rate by proactively
addressing these “trap” issues.

Overall, this dissertation addresses two significant research problems related to inconsistencies
across software environments. The PExReport addressed the challenge of extracting failures along
with their execution environment. Our research studies focused on non-contributors, laying the
foundation for best practices in building OSS within CS education, and demanding enhanced tool

support to simplify the OSS build process for non-contributors.

6.2 Future Research Directions

The research problem of extracting failures along with their execution environment has long been
neglected and remains highly challenging in practice. Our research holds considerable practical
value and offers substantial potential for real-world CPF reporting. More user studies are needed
to understand how much PExReport can assist developers in reporting real-world CPFs. Addi-
tionally, we aim to further refine CPF reports through finer-grained analysis and detailed source
code reduction. Currently, PExReport has been implemented only within Java ecosystems and the
Maven build system. Expanding it to other software ecosystems and build systems could introduce
new challenges and warrants further exploration.

On the research problem of addressing inconsistencies in the build environment from the per-
spective of non-contributors, it is essential to identify and resolve certain “trap” issues. The advent
of generative Al enables the rapid bridging of domain-specific knowledge gaps through Al tools,
which can also be leveraged to predict and proactively prevent“trap” issues. While Al acquires
sufficient domain-specific knowledge, the build environment setup could be fully automated with-

out human involvement. The future research domain, Al for Build, aims to leverage Al to address

&9



challenges in maintaining consistency across build environments. This includes automating the

setup process, predicting potential issues, and proactively preventing inconsistencies.
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